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This thesis consists of three sections of research results. The first results 
section of the thesis (Chapter 3) outlines the surface functionalization of 
microcrystalline diamond and ultrananocrystalline diamond surfaces. The 
biocompatibility of diamond was investigated with a view towards correlating surface 
chemistry and topography with cellular adhesion and growth. An atomic force 
microscope in force mode was used to measure the adhesion force of normal human 
dermal fibroblast (NHDF) cells on microcrystalline and ultrananocrystalline diamond 
with different surface chemistry. A direct correlation between initial cell adhesion 
forces and the subsequent cell growth was observed. Surface carboxylic acid groups 
on the functionalized diamond provide tethering sites for protein to support neuron 
cells growth, and a surface gradient of polyethylene glycol was assembled on a 
diamond surface for the construction of a cell gradient. This section is motivated by a 
desire to discover the biocompatibility of diamond in terms of its surface chemistry 
and topography as well as the construction of a surface concentration gradient on 
diamond to support neuron cells growth for combinatorial chemistry studies.   
In the second results section of this thesis (Chapter 4 and Chapter 5), whole 
cell biosensors were constructed on a diamond electrode for the heavy-metal ion 
sensing. Different biological entities were used, namely Chlorella vulgaris and 
Acidithiobacillus ferrooxidans. Detection linearity, sensitivity and long-term stability 
for the diamond-based biosensor were studied in this section. The ability of diamond 
to resist biofouling is the focus in this section. This section is motivated by a desire to 
incorporate the extraordinary electrochemical properties of diamond for the 
construction of a robust and sensitive biosensor.  
 IX
In the third results section of this thesis (Chapter 6), standard electrochemical 
properties for epitaxial graphene were studied. Two types of graphene samples were 
electrochemically studied: namely as-synthesized graphene and mild-oxidized 
graphene. Different redox species were used to elucidate the background current, 
heterogeneous electron-transfer rate constant, charge-transfer resistance and activation 
enthalpy for the graphene sample. An extremely low background current for graphene 
is the focus in this section. This section is motivated by the desire to investigate the 
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Chapter 1. Introduction 
 In 1965, Intel co-founder Gordon Moore predicted that the number of 
transistors on a chip will double about every two years1. This prediction is better 
known as Moore’s law. For decades this law has been widely used in the 
semiconductor industry to guide long-term planning and to set targets for research and 
development2. Almost every measure of the capabilities of digital electronic devices is 
strongly linked to Moore’s law: processing speed, memory capacity, sensors and even 
the number and size of pixels in digital cameras3. The popular perception of Moore’s 
law is that computer chips are compounding in their complexity at near constant per 
unit cost, which relates to the compounding of transistor density in two dimensions. 
As more transistors can be put on a chip, the cost of making each transistor is 
decreased4. Moore’s law drives chips, communications and computers in the scientific 
discovery and development. Over time, bioinformatics and computer modeling have 
attracted more attention than experiment trial and error. On 13 April 2005, Gordon 
Moore stated in an interview that the law cannot be sustained indefinitely and he also 
noted that transistors would eventually reach the limits of miniaturization at atomic 
levels:  
 “In terms of transistor size you can see that we’re approaching the size of 
atoms which is a fundamental barrier, but it’ll be two or three generation before we 
get that far-but that’s as far out as we’ve ever been able to see. We have another 10 to 
20 years before we reach a fundamental limit. By then they’ll be able to make bigger 
chips and have transistor budgets in the billions.”5 
 This shows that continuous scaling of the chip dimensions has faced its 
bottleneck. According to the Moore’s law projection, a device physical gate length 
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will be in the region of 10 nm in year 2015. Scaling devices to these dimensions is 
very difficult as the metal-oxide-semiconductor field effect transistor (MOSFET) 
technology is approaching its physical limits at these dimensions. Moreover, the chips 
are getting very hot due to the increasing transistor density in a computer chip6.  
“Within 10 years, the entire semiconductor industry will rely on 
nanotechnology,” said Dr. M. Roco from US National Nanotechnology Initiative in 
2003. He is one of the many who predicted Moore’s law will be preserved by 
nanotechnology and nanomaterials. Dimensional nanomaterials present fundamentally 
different physical concepts to conventional bulk materials because of their unique 
density-of-states as well as vibrational and electronic confinement. This implies that 
nanomaterials may exhibit some interesting properties which are not known to the 
bulk materials.  
This thesis is motivated by the desire to study two carbon-based 
nanomaterials, namely diamond and graphene. Basically, this thesis can be divided 
into three parts according to the nature and direction of the research. The first part of 
the thesis will outline the biocompatibility studies of diamond with different surface 
chemistry and topography. Microcrystalline and ultrananocrystalline diamond surfaces 
will be characterized by using chemistry characterization methods, and their biology 
properties will be studied by using atomic force microscopy in force mode and some 
biology characterization techniques. A sound understanding of the surface-
biocompatibility relationship allows scientists to further develop whole-cell 
biosensors based on a diamond platform. The surface-functionalized diamond is 
further developed to construct a surface functional group gradient, and a cell gradient 
is successfully achieved on a diamond surface. This opens up the potential for 
diamond to be an experimental platform for combinatorial discovery and analysis.  
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The second part of the thesis will discuss the construction of a whole-cell 
biosensor based on a diamond platform by using two different biological entities, 
namely a unicellular microalgae (Chlorella vulgaris) and a bacteria cell 
(Acidithiobacillus ferrooxidans). These two diamond-based biosensors are 
constructed for heavy metal detection. The biosensor sensitivity and long-term 
stability will be discussed and correlated with the unique properties of the diamond 
surface.  
The third part of the thesis will discuss another carbon-based nanomaterial, 
graphene. The novel electrochemical properties of epitaxial graphene before and after 
surface treatment will be discussed. Low background current and charge-transfer 
resistance enable graphene to be an excellent candidate for biosensing purposes. The 
biofouling problem of nicotinamide adenine dinucleotide (NADH) is solved by 
surface treatment of graphene, and a low detection limit (10 nM) can be achieved on a 
graphene electrode. The electrochemical and kinetic data can serve as a benchmark for 
evaluating the electrochemical properties of graphene.  
 
1.1 Diamond 
1.1.1 Diamond General Properties  
Diamond is an allotrope of carbon where the carbon atoms are arranged in the 
face-centered cubic crystal structure called a diamond lattice. It is known as the 
second most stable form of carbon after graphite, and the conversion rate from 
diamond to graphite is negligible at ambient conditions. Unlike carbon in its sp2 
hybridization, the diamond structural network is formed by sp3-hybridized carbon 
atoms, each covalently bonded to three neighboring carbon atoms in a tetrahedral 
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coordination. The diamond lattice possesses a lattice constant of a = 3.567 Å, while 
the distance between nearest neighbors is 1.545 Å7. The basis of this structure can be 
regarded as two carbon atoms commonly placed at positions [0, 0, 0] and [¼, ¼, ¼] of 
the cubic unit cell, as shown in Figure 1.1.  
 
Figure 1.1 Schematic diagram of diamond unit cell. 
 
The covalent bonding and inflexibility of the three-dimensional diamond 
lattice enables diamond to possess extraordinary hardness with bulk modulus of 4.4 × 
1011 N/m2, which is about four times larger than that of Si (0.98 × 1011 N/m2)8. It is 
well known as the hardest natural material according to Mohs scale of mineral 
hardness9. It also has high thermal conductivity of 15 × 103 W/m-1 K-1 at 80 K10 and 
high optical dispersion11. Due to its highly stable structure, diamond can only be 
transformed into graphite at temperatures above 1700°C in vacuum or oxygen-free 
atmosphere; in air, transformation starts at ~ 700°C12. As all four valence electrons in 
a carbon atom contribute to the covalent bonding, the diamond valence band is 
separated from the unoccupied conduction band by 5.47 eV, hence making it a wide 




controlling p-type and n-type electrical conduction. In order to increase the electrical 
conductivity, diamond can be doped with boron at certain concentrations during the 
growing process to transform it into a p-type semiconductor. Boron atoms 
substitutionally insert for some of the carbon atoms into the growing diamond lattice. 
These boron atoms function as electron acceptors and contribute to the formation of 
free-charge carriers (i.e. holes or electron vacancies)15. Like boron doping, nitrogen 
doping increases diamond conductivity by turning it into an n-type semiconductor. 
Here, the nitrogen atoms function as electron donors and the free-charge carriers are 
free electrons. Band diagrams for p-type and n-type semiconductor diamond are 
illustrated in Figure 1.2.  
 
Figure 1.2 Band diagram for (A) n-type diamond and (B) p-type diamond16. 
 
Due to the issue of high cost, natural diamond is seldom used in the research 
area. Instead, synthetic diamond is widely used for its low cost and reproducible 
properties. There are several methods used to produce synthetic diamond. The original 
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method uses high pressure and high temperature (HPHT) with pressures of 5 GPa and 
temperature of 1500°C17. HPHT is generally used in industrial applications. The 
second method is chemical vapor deposition (CVD), in which a dilute hydrocarbon-
in-hydrogen plasma is excited over a substrate to produce energetic carbon and 
hydrogen radicals which react on a substrate to form diamond.  CVD is widely used in 
laboratory research owing to its flexibility and simplicity. The advantages of CVD 
diamond as compared to HPHT diamond include the ability to grow diamond over 
large areas and on various substrates. Fine control over the chemical impurities allow 
the doping of the diamond and control of its electronic properties.18 The CVD growth 
of diamond starts with the substrate preparation whereby an appropriate material with 
suitable crystallographic orientation is chosen and diamond powder is used to abrade 
the non-diamond substrate in order to increase the nucleation process. The chosen 
process gas mixture is introduced into the chamber after loading the substrate. The 
gases always include a hydrocarbon source, typically methane, and hydrogen with a 
typical ratio of 1:99. Hydrogen is essential because it selectively etches off non-
diamond carbon. Dopant gases such as diborane or trimethylboron can also be 
introduced. The gases are dissociated into chemically active radicals in the growth 
chamber using microwave power, a hot filament, an arc discharge, a welding torch, a 
laser, an electron beam or other means19.   
 
1.1.2 Nanocrystalline and Ultrananocrystalline Diamond  
 Depending on growth parameters such as gas mixture, temperature and 
substrate seeding, CVD growth can produce different kinds of diamond films. They 
can be classified according to the crystal grain size as: microcrystalline (grain size 
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about 1 µm), nanocrystalline (grain size about 100 nm), and ultrananocrystalline 
(grain size below 10 nm) diamond films. The diamond film morphology depends on 
the reactant gases, their mixing ratios and the substrate temperature. With low partial 
pressure methane, highly crystalline diamond films are obtained. With increasing 
methane concentration, the crystalline morphology disappears and an amorphous 
structure consisting of disordered graphite containing small clusters of diamond 
nanocrystals will emerge. By controlling these two extremes during CVD growth, 
high quality nanocrystalline and ultrananocrystalline diamond films can be obtained20. 
It should be noted that highly doped n-type conductive ultrananocrystalline diamond 
with conductivity as high as 250 Ω-1 cm-1 can be made via the addition of nitrogen gas 
during microwave plasma CVD21. The numerous grain boundaries and crystal defects 
in microcrystalline diamond reduce electron and hole mobilities and degrade the 
electronic performance of diamond. Nanocrystalline diamond has been shown to 
function as excellent electrodes for electrochemical applications, due to its large 
electrochemical potential window and low background current.22,23 Coupled with its 
inherent biocompatibility, both nanocrystalline and ultrananocrystalline diamond films 
are excellent active electrodes for biosensor development24.  
 
1.1.3 Electrochemical Properties of Diamond 
  Boron-doped microcrystalline, nanocrystalline and ultrananocrystalline 
diamond films possess a number of excellent electrochemical properties, 
unequivocally distinguishing them from other commonly used sp2-bonded carbon 
electrodes, such as glassy carbon, pyrolytic graphite, and carbon paste25. These 
properties are (i) low and stable background current, resulting in higher signal-to-
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noise ratio; (ii) wide electrochemical potential window in aqueous and non-aqueous 
media, which affords the detection of a wide range of redox species, and most 
importantly the detection of high overpotential redox species; (iii) superb 
microstructural and morphological stability at high temperature and current densities 
(0.1 – 10 A/cm2, 85% H3PO4), resulting in operation under harsh conditions; (iv) good 
responsiveness to several aqueous and non-aqueous redox species without any 
pretreatment, resulting in direct electrochemical detection and eliminating mediated 
reagents; (v) long term response stability; (vi) weak adsorption of polar molecules, 
resulting in improved resistance to electrode deactivation and fouling; (vii) optical 
transparency in the UV/Vis and IR regions of the electromagnetic spectrum, useful 
properties for spectroelectrochemical measurements26.     
 There are several factors affecting the electrochemical response of diamond 
electrodes, including surface cleanliness, doping level, presence of non-diamond sp2 
carbon impurities and the type of surface termination. Surface cleanliness greatly 
influence the response as adsorbed contaminants can either block specific surface 
sites, thus inhibiting surface-sensitive redox reactions, or increase the electron-
tunneling distance for redox species, thereby lowering the probability of tunneling and 
decreasing the rate of electron transfer. The hydrogen-terminated diamond surface is 
not as susceptible to contamination as other electrodes are, because of its hydrophobic 
surface and the absence of pi electrons. A hydrogen-terminated diamond surface can be 
effectively cleaned with chemical treatment in (i) 3:1 HNO3/HCl (v/v) and (ii) 30% 
H2O2/H2O (v/v) to oxidize the contaminants and non-diamond sp2 carbon impurities. 
The surface is then rehydrogenated in a hydrogen microwave plasma27. In order to 
have sufficient electrical conductivity for electrochemical measurements (< 0.1 Ω cm-
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1), the dopant concentration within diamond films must be maintained at 1 × 1019 cm-3 
or greater.  
 
1.1.4 Surface Functionalization of Diamond Surface 
Diamond surface functionalization can be done by several routes. Generally, it 
can be categorized as functionalization of hydrogen-terminated diamond and oxygen 
terminated-diamond. For hydrogen-terminated diamond, surface functionalization can 
be achieved by diazonium salt reduction, photochemical reaction with functional 
alkenes and direct reaction with radical species in gas phase. For oxygen-terminated 
diamond, surface functionalization can be achieved by silanization and esterification. 
Diazonium salt reduction and photochemical functionalization will be further 
discussed as these two methods are widely used in the development of biosensor and 
molecular electronics on diamond.  
 
1.1.4.1 Diazonium Functionalization on  Hydrogen-terminated Diamond Surface 
Electrochemical reduction of diazonium salts is a common and simple method 
for surface functionalization of carbon-based materials28,29. For diamond, a strong C-
C bond is formed between diamond and a phenyl molecule thru the attack of a phenyl 




Figure 1.3 Electrochemical reduction of aryl diazonium salts on a diamond surface30. 
 
However, both electrochemical reduction and spontaneous binding suffer 
some drawbacks such as multilayer formation rather than monolayers, and that 
conductive diamond must be used in order for the electrochemical reduction. This can 
be attributed to the continuous attack of the electrochemically generated phenyl 
radical to the grafted aryl group (Figure 1.4).  
 
Figure 1.4 Multilayer formation by electrochemical reduction of diazonium salt31. 
 
Other than electrochemical reduction, covalent bonds between diamond and 
diazonium salts can also be formed in the presence of 1 % sodium dodecyl sulfate 
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(SDS). This performs a spontaneous binding in the absence of external bias.32 A very 
stable, homogeneous and dense monolayer of 4’-nitro-1,1-biphenyl has been achieved 
on ultrananocrystalline diamond by using saturated diazonium salt33. The reduction of 
the diazonium salt arises from spontaneous charge transfer from diamond, facilitated 
by the negative electron affinity of the latter.34 This spontaneous coupling method is 
attractive as it does not require electrochemical equipment or doped diamond films.  
The principal interest in diazonium-coupled diamond modification is that the 
diamond-tethered functional groups can be used for the covalent linking of 
biomolecules, making it a promising platform for biosensing. The most intensively 
studied diazonium salt derivative is the nitrophenyl salt in which the nitro groups can 
be electrochemically reduced35 to primary amines for the linkage of DNA36 or other 
biomolecules such as gluocose oxidase37.  Recently, Zhong et. al. demonstrated the 
Suzuki coupling of aryl molecules onto the aryldiazonium-salt- functionalized 
diamond surface. This opens up the possibilities for the application of diamond in 
molecular electronics, as uninterrupted large molecular conjugation can be achieved 




Figure 1.5 Diamond functionalization by aryldiazonium salts, followed by Suzuki 
Coupling with aryl organics38.  
 
1.1.4.2 Photochemical Functionalization on Hydrogen-terminated Diamond 
Surface 
When illuminated with 254 nm UV light, hydrogen-terminated diamond will 
emit electrons from the valence band directly into vacuum.39  Based on this principle, 
UV irradiation of hydrogen-terminated diamond covered with liquid films of an 
appropriate alkene (e.g. 12-amino-dec-1-ene protected woth a trifluoroacetic acid 
group, perfluorodecene, trifluoroethyl ester of ω-undecenoic acid, etc.) provides a 
facile approach for the functionalization on diamond. This scheme was first proposed 
by Hamers et. al.40 and is now intensively used by different groups for diamond 
surface functionalization. The photochemical functionalization is initiated by 
photoejected electrons produced either (i) by excitation of surface states lying just 
below the Fermi energy up to the conduction band followed by ejection of an electron 
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into liquid phase, or (ii) by direct ejection of electrons from the valence band to liquid 
phase via internal photoemission (Figure 1.6). The photoejected electrons will form 
liquid-phase radical anions, which can react directly with a hydrogen-terminated 
diamond surface by abstracting hydrogen atoms from the surface, thereby creating 
reactive surface sites with positive holes for reaction with alkene functionality to form 
strong covalent bonds. While the photochemical functionalization allows the 
introduction of several functional groups on a diamond surface, the reaction time 




Figure 1.6 Proposed mechanism for photoejection of electrons into liquid phase: 
excitation from occupied defects and/or surface states to the conduction band 
followed by diffusion and emission (solid arrow); direct photoemission from valence 




Various terminologies are used to define biosensors depending on the field of 
the application. A common cited definition is: “a biosensor is a chemical sensing 
device in which a biologically derived recognition entity is coupled to a transducer, to 
allow the quantitative development of some complex biochemical parameter”, and 
also: “a biosensor is an analytical device incorporating a deliberate and intimate 
combination of a specific biological element (that creates a recognition event) and a 
physical element (that transduces the recognition event)”42. As demonstrated in Figure 
1.7, a biosensor consists of a bioelement and a transducer (sensor element). The 
bioelement may be an enzyme, antibody, nucleic acid, living cells, tissues, etc. and 
possesses a biological recognition system. The transducer part of the biosensor serves 
to transfer the signal from the output domain of the biological recognition system to 
the (normally electrical) signal. Some of the examples of bioelements and transducers 
in biosensors are shown in Figure 1.8. Different combination of these two elements 
will construct biosensors working on different sensing mechanisms.  
 
 
Figure 1.7 Schematic representation of a biosensor. 
 




Figure 1.8 Examples of elements in biosensors. 
The initial stage for biosensor construction involves the immobilization of 
bioelement or biological receptors to the transducer. The first biosensor 
immobilization was done by Clark et. al. in 1962 for the enzyme-based biosensor for 
glucose in which glucose oxidase was entrapped between two membranes43. Since 
then, various immobilization methods have been developed for biosensor 
construction, such as membrane entrapment44, polymeric matrix entrapment45, bilayer 
lipid membrane entrapment46, covalent linkage of bioreceptors47, bulk modification of 
entire electrode48, etc. Regardless of what immobilization method is used, the 
bioreceptor must remain active after the immobilization process.  
 
1.2.1 Electrochemical Biosensors 
An electrochemical biosensor is a biosensor with an electrochemical 














underlying principle for an electrochemical biosensor is that many chemical reactions 
produce or consume ions or electrons which, in turn, cause some change in the 
electrical properties of the solution which can be sensed and used as measuring 
parameters. Electrochemical biosensors can be classified into three main categories 
based on the measured electrical parameters: conductometric, amperometric and 
potentiometric. 
An conductometric-based electrochemical biosensor measures the electrical 
conductance/resistance of the solution. When electrochemical reactions produce ions 
or electrons, the overall conductivity or resistivity of the solution changes and these 
are monitored by the conductometric biosensor49. Generally, conductance 
measurements have relatively low sensitivity. Amperometric based biosensors 
measure the current resulting from the electrochemical oxidation or reduction of an 
electroactive species. It is done by applying a constant potential at the working 
electrode and the resulting current is directly correlated to the bulk concentration of 
the electroactive species. Potentiometric based electrochemical biosensors measure 
the potential difference between two electrodes which are separated by a permeable 
and selective membrane to prevent current flowing between them.   
Over the years, different novel materials have been used for the construction of 
electrochemical biosensors, such as gold nanoparticles50, boron-doped diamond51, and 
carbon nanotubes52. These materials open up the field to incorporate advanced 
nanomaterials with biological entities in the construction of biosensors. Research in 
this field is mainly focusing on the development of novel sensing strategies and the 
improvement of specificity, sensitivity and response time.  
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1.2.2 Diamond as a Biosensor 
Though diamond is proven to possess excellent electrochemical properties, the 
realization of diamond biosensora is hindered by its chemically inert surface. The first 
breakthrough came in 2002 when two research groups published two important 
reports in the development of diamond biosensors. Hamers’ group53 demonstrated that 
an amine-terminated hydrocarbon chain could be covalently attached to the surface of 
nanocrystalline diamond by using a photochemical process. A highly stable DNA 
biosensor was constructed on a diamond platform by covalent bonding between DNA 
and the hydrocarbon chain. The hydrocarbon chain on diamond exhibited 
extraordinary stability as compared to silicon and gold surfaces, owing to the strong 
covalent C-C bond. The second paper published in the same year by Garrido et. al.51 
reported the construction of an enzyme biosensor on a diamond platform. The same 
immobilization chemistry as Hamers’ group was used to attach an enzyme to the 
diamond surface. It should be noted that the enzyme retained its functionality and 
diamond was able to electrochemically detect the redox reactions of immobilized 
catalase enzymes.  Since then this immobilization chemistry is being extensively 
applied in developing diamond biosensors.  
  
1.3 Biocompatibility 
The word biocompatibility has drawn numerous discussions about its 
definition since the word was first mentioned by Homsy et. al. in 197054. Until now, 
there are four definitions for biocompatibility. According to the American Society for 
Testing and Materials (ASTM), biocompatibility is the comparison of the tissue 
response produced through the close association of the implanted candidate material 
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to its implant site within the host animal to that tissue response recognized and 
established as suitable with control materials. A more precise version for the 
definition of biocompatibility is introduced by Willams as the ability of a biomaterial 
to perform its desired function with respect to a medical therapy, without eliciting any 
undesirable local or systemic effects in the recipient or beneficiary of that therapy, but 
generating the most appropriate beneficial cellular or tissue response in that specific 
situation, and optimizing the clinically relevant performance of that therapy55. 
 
1.3.1 Biocompatibility of Diamond 
Diamond has been claimed to be  a biocompatible material and its 
biocompatibility is subjected to extensive studies both in vitro and in vivo. Due to a 
combination of superior properties such as hardness56, fracture toughness57, low 
friction coefficient58, high chemical resistance59 and a variety of possible coating 
substrates60, diamond hold promise in applications in the biomedical field. The 
protein adsorption, cell adhesion and implantation results were first systematically 
studied by Tang et. al.61 and results show that diamond is as biocompatible as 
titanium and stainless steel, which are used frequently in implantable devices. 
Nordslettern et. al.62 showed that diamond particles are inert in serum-free monocyte 
culture and that the cell morphology did not change after the ingestion of diamond. 
Nanocrystalline diamond has also been evaluated as a coating on implant surfaces to 
improve the durability of orthopaedic prostheses. One reason for the choice of 
nanocrystalline diamond is related to its nanocrystalline morphology which mimics 
bone surface roughness. Results showed that improved human osteoblast proliferation 
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and the stimulation of differentiated markers can be obtained on a nanocrystalline 
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Chapter 2. Experimental 
 
2.1 Introduction 
In the present work, various characterization techniques have been employed 
to provide the best possible elucidation for the surface, as well as the biological and 
electrochemical properties on a carbon platform. This chapter briefly describes the 
experimental techniques used in this work.    
 
2.2 Surface Analysis 
2.2.1 X-Ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy is one the most widely used techniques in 
the area of surface analysis as it can measure the elemental composition, empirical 
formula, chemical state and electronic state of the elements that exists within a 
material1. XPS uses highly focused monochromatic soft x-rays to irradiate the sample 
surface under ultrahigh vacuum conditions. The commonly used x-ray sources for 
XPS are Al Kα (1486.6 eV) and Mg Kα (1253.6 eV) as these photons are relatively 
“clean” with few satellites peaks, resulting in relatively narrow line widths. Am x-ray 
photon is absorbed by an atom on or near the surface, leading to the photoionization 
and the emission of a core inner shell electron to the vacuum2, as illustrated in Figure 
2.1. The kinetic energy of the emitted electron can be measured by using an electron 
energy analyzer. The binding energy (EB) is calculated as 
                                          EB = hv - Ekin – Φ (Equation 2.1) 
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where Φ is the work function of the spectrometer, EB is the binding energy with 
respect to the Fermi level, and Ekin is the kinetic energy of the emitted electron. Each 
photoexcited atom will exhibit a characteristic binding energy of the core-level 
electron, and this varies with different chemical environments (oxidation state, lattice 
site and molecular environment, etc.) of the atom by creating a chemical shift of up to 
a few eV. This provides very useful information for the investigation of surface 
modification.  
 
Figure 2.1 Schematic diagram showing photoionization and electron emission by 
incident x-ray. 
 
2.2.2 Scanning Electron Microscopy (SEM) 
 In order to gain better understanding of surface morphology, maximum 
resolution on the surface image must be obtained. However, the maximum resolution 
mainly depends on the wavelength of the radiation selected for the image. For the 







light wavelength of between 400 nm to 700 nm and a degree of magnification beyond 
1000 is difficult.  
 To achieve higher magnification, electrons are used as these provide smaller 
wavelengths. In Scanning Electron Microscopy (SEM), images of the samples are 
obtained by scanning the surface with a high energy beam of electrons in a raster scan 
pattern.  An electron beam is thermionically emitted from an electron gun fitted with a 
tungsten filament cathode. Tungsten is normally used in thermionic electron guns as it 
has the highest melting point and lowest vapour pressure of all metals, thereby 
allowing it to be heated for electron emission and because of its low cost. The electron 
beam, which typically has an energy ranging from a few hundred eV to 40 keV, is 
focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter. 
The beam passes through a pairs of scanning coils in the objective lens, which deflect 
the beam in a raster fashion over a rectangular area on the sample surface. When the 
primary electron beam interacts with the sample, the electrons lose energy by repeated 
random scattering and absorption within a teardrop-shaped volume of the specimen 
known as the interactive volume, which extends from less than 100 nm to around 5 
µm into the surface. Depending on the sample, the interaction can generate secondary 
electrons from the primary electrons, backscattered electrons, x-rays, light, heat and 
even transmitted electrons that pass through the sample. The interaction and generated 
signals can be schematically illustrated as Figure 2.2. The generated signals will be 
detected by a scintillator-photomultiplier device and a digital image will be generated. 
The resolution of an SEM is within ~2 nm and a magnification up to 200000 times 
can be obtained.  
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Figure 2.2 The interaction of primary electrons with a sample and the generated 
signals. 
 
2.2.3 Atomic Force Microscopy (AFM) 
The atomic force microscope (AFM) is one of the high resolution scanning 
probe microscopy methods that can provide resolution at the nanometer scale.  Since 
the first invention of AFM by Binnig et. al. in 19863, it has been developed to be the 
foremost tool for imaging the surface topography, measuring and manipulating matter 
at the nanoscale. The basic AFM working unit consists of a cantilever with a sharp tip, 
laser, photodiode, detector and feedback electronics and piezoelectric scanner. It is 
schematically illustrated in Figure 2.3. Conventionally, the sample rests on a 
piezoelectric scanner during the scanning process. It can be moved in the z direction 
for maintaining a constant force, and the x and y directions for image scanning. The 
cantilever with a sharp tip plays a vital role in the AFM system for the scanning of the 
sample surface. The cantilever is typically silicon or silicon nitride with a tip radius of 













sample surface, forces between the tip and the sample lead to a deflection of the 
cantilever according to Hooke’s Law. Some of the forces that are measured by AFM 
include mechanical contact force, van der Waals forces, magnetic forces, Casimir 
forces, solvation forces, etc. The cantilever deflection is measured by using a laser 
spot reflected from the top surface of the cantilever into an array of photodiodes into 
which the detector is connected. If the tip is scanned at a constant height, there is 
possibility that the tip collides with the surface causing damage to the tip. Hence, in 
most cases a feedback mechanism is installed to maintain a constant force between the 
tip and the sample by continuous adjustment of the tip-to-sample distance.   
 
Figure 2.3 Schematic diagram of AFM working principle. 
In general, the  imaging mode of AFM can be operated in static modes and 
dynamic modes. In static mode, the static tip deflection is used as a feedback signal. 
Because the measurement of the static signal is prone to noise and drift, low stiffness 
cantilevers are used to boost the deflection signal. However, the attractive forces can 










the surface. Hence, the force between the tip and the surface is kept constant during 
scanning in contact mode by maintaining a constant cantilever deflection. In dynamic 
mode, the cantilever is externally oscillated at or close to its fundamental resonance 
frequency and this oscillation amplitude, phase and resonance frequency are modified 
by the tip-sample interaction force; these changes in oscillation with respect to the 
external reference oscillation provide information about the sample surface 
characteristics. The modulation in dynamic mode can be by frequency modulation or 
amplitude modulation. In frequency modulation, changes in the oscillation frequency 
provide information about tip-sample interactions. Normally, stiff cantilevers are used 
in this modulation mode and the frequency can be measured at high sensitivity. In 
amplitude modulation, changes in the oscillation amplitude or phase provide the 
feedback signal for imaging. Unlike frequency modulation, changes in the oscillation 
phase or amplitude are  used to probe the tip-sample interaction in amplitude 
modulation mode.  
Besides imaging of surface topography, another major application of AFM is 
force spectroscopy. This is the measurement of the applied cantilever force as a 
function of its distance from the surface. In this method, the AFM tip is extended 
towards the sample surface and retracted from the surface and the static deflection of 
the cantilever is monitored as a function of piezoelectric displacement. Forces of the 
order of a few pico-Newtons can be measured with a vertical distance resolution of 
better than 0.1 nm. Adhesion forces between individual ligand-receptor pairs can be 




2.2.4 Contact Angle Measurement 
 The contact angle is the angle at which a liquid/vapor interface meets the solid 
surface. It is specific for any given system and is determined by the interactions across 
the three interfaces, ie. gas, liquid and solid. It is often tested by resting a small liquid 
droplet on a flat horizontal solid sample surface and the contact angle of the water 
droplet is measured by goniometer (Figure 2.4). Consider a strongly hydrophilic 
surface, the liquid droplet is very strongly attracted to the surface and the droplet will 
completely spread out on the solid surface causing the contact angle to be nearly 0°. 
On many hydrophilic surfaces, the water droplet will exhibit contact angle of 0° to 
90°. Contrary to hydrophilic surface, water droplets will show higher contact angle 
values on hydrophobic surfaces or even as high as 180° on superhydrophobic surfaces, 
without actually wetting to any significant extent. Contact angle measurement is 
widely used in surface science to determine the hydrophobicity of the sample surface.  
 
Figure 2.4 Contact angle, θ of a liquid droplet on a solid surface. 
 
2.2.4 Toluidine Blue O (TBO) Stain Measurement 
The surface density of a carboxyl group can be quantitatively measured by 
using a staining dye method. This is a convenient method as it does not involve 







(TBO), (also known as tolonium chloride) was originally used in histology for cells 
and tissues staining. Its unique structure (Figure 2.5) allows it to form ionic 
complexes with carboxyl groups producing a red colour (633 nm). This renders it to 
be modified as the dye for surface carboxyl groups5. The colour intensity is measured 
and the corresponding surface-carboxyl-group concentration is then determined by 
comparing with the known standard calibration plot.  
 
Figure 2.5 Toluidine blue O chemical structure. 
 
2.3 Biological Analysis 
2.3.1 Hoechst Stain Assay 
 In biological studies involve cell culture methodology, cell number 
quantitation is one of the important analysis methods. As every cell contains a large 
pool of DNA in the nucleus, DNA quantitation can be an indirect method for cell 
number quantitation. The DNA assays selected for quantitation must (a) allow 
quantitative and reproducible extraction of DNA, (b) preserve the double-stranded 
structure of DNA since the fluorescence enchancement is greatly reduced upon 
binding of this fluorochrome to single-stranded DNA6, (c) dissociate or modify the 
conformation of chromosomal proteins so that the accessibility of DNA-binding sites 
is not limited7, (d) inhibit endogenous DNAase activity and (e) prevent excessive 
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alteration of the intrinsic fluorescence of the dye. Th Hoechst stain has proven to be 
an excellent reagent to meet the above-mentioned criteria8. Hoechst 33258 stain 2(2-
(4-hydroxyphenyl)-6-benzimidazole-6-(1-methyl-4-piperazyl)-benzimidazole 
trihydrochloride (Figure 2.6) is a cell-permeable DNA stain for DNA labeling in 
fluorescence microscopy and cell assay. It is excited by ultraviolet light at around 350 
nm and emits blue/cyan fluorescence light around 460 nm. Hence, the staining of the 
cell DNA will be an indicator for the cell number quantitation. As Hoechst stain binds 
to DNA and will disrupt DNA replication during cell division, it is potentially 
mutagenic and carcinogenic and care should be taken during handling and disposal.  
 
Figure 2.6 Hoechst 33258 stain 2(2-(4-hydroxyphenyl)-6-benzimidazole-6-(1-methyl-
4-piperazyl)-benzimidazole trihydrochloride chemical structure.  
 
2.3.2 MTT Assay 
 MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bormide, a 
tetrazole) is a standard colorimetric assay for the measurement of cell viability. MTT 
is originally yellow in color and it will be reduced to purple-colored formazan by the 
mitochondrial reductase activity in living cells9. It provides cell viability information 
as the mitochondrial reductase activity is greatly reduced in living cell and the amount 
of formazan generated is directly proportional to the living cells population. The 
structural conversion of MTT to formazan is schematically illustrated in Figure 2.7. 
Since purple formazan is insoluble, a solubilization solution such as detergent sodium 
dodecyl sulfate (SDS) will be added to dissolve formazan into the solution. The 
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absorbance of this colored solution can be quantified by measuring at 595 nm 
wavelength by a spectrophotometer. It is widely used to determine the cytotoxicity of 
potential medicinal agents. The main advantage of this colorimetric assay is the speed 
of measurement, as multiwell scanning spectrophotometers or ELISA readers can be 
used to process large numbers of samples and no removal or washing steps are 
required.  
 
Figure 2.7 Structural conversion of MTT to formazan by mitonchrondrial activity in 
living cells.  
 
2.3.3 Live/Dead Viability/Cytotoxicity Kit 
The Live/Dead Viability/Cytotoxicity Assay kit provides a two-color 
fluorescence cell viability assay that is based on the simultaneous determination of 
live and dead cells with two probes that measure recognized parameters of cell 
viability – intracellular esterase activity and plasma membrane integrity. It is a useful 
kit for the simultaneous imaging of the live and dead cells under the fluorescence 
microscope.  Calcein AM and ethidium homodimer (EthD-1) are used as the staining 
reagent in this kit10. Live cells are distinguished by the presence of ubiquitous 
intracellular esterase activity and it can be determined by the enzymatic conversion of 
nonfluorescent cell-permeant calcein AM to the intensely fluorescent calcein. The 
MTT (Yellow color) Formazan (Purple color) 
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polyanionic dye calcein is well retained within live cells, producing an intense green 
fluorescence in live cells which can be visualized with excitation at 495 nm and 
emission at 515 nm.  EthD-1 enters cells with damaged membranes and undergoes an 
intense enhancement of fluorescence upon binding to nucleic acids, thereby producing 
bright red fluorescence in dead cells, which can be visualized with excitation at 495 
nm and emission at 635 nm. This red-fluorescent EthD-1 is excluded by the intact 
plasma membrane of live cells. The determination of cell viability depends on these 
physical and biochemical properties of cells. Cytotoxic events that do not affect these 
cell properties may not be accurately assessed using this method. Background 
fluorescence levels are inherently low with this assay as these dyes are virtually non-
fluorescent outside cells membrane.  
 
2.4 Electrochemical Analysis 
 A three-electrode electrochemical setup is commonly used in electrochemical 
systems. It consists of a reference electrode, a working electrode and a counter 
electrode.  The three electrodes are immersed in the test solution, and electrolyte is 
normally added to ensure sufficient conductivity for electrochemical analysis. The test 
solution can be in a static or dynamic condition, depending on the type of 
electrochemical analysis. Common materials for the working electrode include glassy 
carbon, platinum, gold and conducting inert materials that do not react with the test 
solution. The working electrode is fabricated to have a controlled surface area and 
well-defined shape as these two criteria greatly affect the electrochemical analysis. In 
electrochemical systems, the process of charge transport across the interface between 
the working electrode and the solution is studied. Hence, the working electrode plays 
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a vital role throughout the process. The electron transfer between the working 
electrode, the test solution and the electrochemical potentiostat is completed by the 
counter electrode, which is normally made of platinum. A reference electrode is added 
in order to ensure that the measured potential is quoted with respect to a standard 
value. It is normally made up of a silver-silver chloride electrode for aqueous 
solutions. There are numerous types of electrochemical analyses which provide 
different information based on electron/charge transfer.  
  
2.4.1 Cyclic Voltammetry (CV) 
Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical 
measurement in which the working electrode potential is ramped linearly versus time 
to a set potential and then the electrode potential ramp is inverted. This inversion or 
cycle can be repeated multiple times depending on the experimental setting. The 
potential waveform in CV is shown in Figure 2.8. The ramping rate is known as the 
scan rate (V/s). The current at the working electrode is measured and plotted versus 
the applied voltage and a cylic voltammogram will be obtained. In the forward scan, 
the current will increase as the potential reaches the electrochemical potential of the 
analyte in the solution, but then decrease as the concentration of the analyte is 
depleted close to the electrode surface. If the redox analyte is electrochemically 
reversible, it will be oxidized (if it is reduced in the forward scan) or reduced (if it is 
oxidized in the forward scan) back in the backward scan. In order for the 
oxidation/reduction peak to be observed, the redox analyte must be redox active 
within the electrochemical window of the working electrode and the electrolyte 
solution. The oxidation peak will usually have a similar shape to the reduction peak. 
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However, there is a potential gap between absolute potential between the oxidation 
and reduction peak. This potential gap is attributed to the analyte diffusion rates and 
the intrinsic activation barrier of transferring electrons from an electrode to the 
analyte. For an ideal reversible redox analyte, the relationship between the oxidation 
(Eox) and reduction (Ered) potential can be described by both the Butler-Volmer 
equation and Cottrell equation, and it is simplified as Equation 2.211. n is the number 
of electrons involved in the redox process. The ideal reversible redox electrochemical 
system will obey Equation 2.2 and show a peak separation of 59 mV in a cyclic 
voltammogram. Thermodynamic information can be extracted from the cyclic 
voltammogram.  
 | Eox - Ered | = 59 mV / n (Equation 2.2) 










Figure 2.8 Potential waveform versus time for cyclic voltammetry. 
 
2.4.2 Chronoamperometric 
 Chronoamperometry is an electrochemical technique in which the applied 
potential of the working electrode is constant for a period of time and the resulting 
current from faradaic processes at the working electrode is monitored as a function of 
time. A potential step can be applied to measure the background current at different 
potentials. The potential waveform for chronoamperometry is shown in Figure 2.9. 
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The background current remains constant in the electrolyte solution for the applied 
potential until an electrochemically active species is added to the solution, where upon 
the background current will increase. In order for the electrochemically active species 
to be detected in chronoamperometry, the applied potential must be higher than the 
electrochemical potential of the species. Chronoamperometry is a useful technique for 
electrochemical biosensor testing in which a trace amount of an analyte can be 
detected instantaneously. The signal-to-noise ratio must be higher than 3 in order for 
the chronoamperometry result to be reliable. However, limited information about the 
identity of the redox species can be obtained from this electrochemical method.  












Figure 2.9 Potential waveform versus time for chronoamperometry. 
 
2.4.3 Stripping Voltammetry 
 Stripping voltammetry is one type of electrochemical method in which the 
preconcentration of analyte from the solution is attached onto the surface of a working 
electrode by applying a potential. The electrodeposited analyte is then redissolved 
from the electrode by scanning the potential towards the positive or negative direction 
and the corresponding current is measured. The conventional electrode for stripping 
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voltammetry is mercury as it will form an amalgam with any preconcentrated heavy 
metal ions. The analyte signal is intensely increased compared to other voltammetry 
methods as the analyte is preconcentrated at the working electrode surface before the 
scanning process. There are two types of stripping voltammetry, namely anodic 
stripping voltammetry (ASV) and cathodic stripping voltammetry (CSV). In ASV, a 
negative potential is applied to the working electrode during the preconcentration 
process and the potential is ramped in the positive direction during the stripping 
process. On the other hand, a positive potential is applied to the working electrode for 
CSV during the preconcentration process and the potential is scanned towards the 
negative direction during the stripping process. The process of ASV and its potential 
waveform is schematically illustrated in Figure 2.10. Stripping voltammetry is 
normally initiated with a cleaning step, whereby the electrode potential is held at a 
higher value than the electrochemical potential of the analyte for a period to time in 
order to fully remove it from the electrode. The working solution is stirred 
continuously throughout the stripping analysis except for during the rest period when 












Cleaning Preconcentration Resting Stripping
 
Figure 2.10 Process of ASV and its potential waveform versus time. 
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2.4.3 Electrochemical Impedance Spectroscopy  (EIS) 
 Electrochemical impedance spectroscopy (EIS) is an electrochemical method 
which applies very small amplitude signals to the system and measures its impedance 
over a range of frequencies. A small alternating current signal, usually a voltage 
between 5 to 50 mV, is applied to a system over a range of frequencies of 0.001 Hz to 
100,000 Hz. The response to this potential is an AC current signal containing 
excitation frequency and harmonics. This current signal is analyzed as a sum of 
sinusoidal functions. An EIS instrument records both the real and imaginary 
components of the impedance response. Data obtained from EIS is expressed 
graphically in a Bode plot or a Nyquist plot.  
 The understanding of impedance is crucial in the context of EIS. The different 
electrochemical systems in the solution can be represented by an equivalent circuit 
model. However, using real circuit elements to represent the system is very complex 
and the resistance in the circuit cannot be merely explained by Ohm’s Law. Hence, 
impedance is used in place of resistance. Similar to resistance, impedance is a 
measurement of the ability of a circuit to resist the flow of electrical current. Table 2.1 
compares a resistor and a capacitor and the equation for their current versus voltage 
and impedance relationship. The impedance of a resistor is independent of frequency 
and has only a real component. As there is no imaginary impedance, the current 
passing through a resistor is always in phase with the voltage. On the other hand, the 
impedance of a capacitor is dependent on frequency and consists of real and imaginary 
components as described by parameter j. This technique has grown tremendously in 
stature over the past few years and is now being widely used in a wide variety of 
scientific fields, such as fuel cell testing and biomolecular interaction. EIS also reveals 
information about the reaction mechanisms of an electrochemical process, as different 
 39
reaction steps will dominate at certain frequencies and the frequency response shown 
by EIS can help identify the rate-limiting step.  
 
Component Current vs. Voltage Impedance 
Resistor E = IR Z = R 
Capacitor I = C dE/dt Z = 1/jωC 
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Chapter 3. Cell Adhesion Properties on Photochemically 
Functionalized Diamond 
 
The biocompatibility of diamond was investigated with a view towards 
correlating surface chemistry and topography with cellular adhesion and growth. The 
adhesion properties of normal human dermal fibroblast (NHDF) cells on 
microcrystalline and ultrananocrystalline diamond surfaces were measured using 
atomic force microscopy. Cell adhesion forces increase by several times on the 
hydrogenated diamond surfaces after UV irradiation of the surfaces in air, or after 
functionalization with undecylenic acid. A direct correlation between initial cell 
adhesion forces and the subsequent cell growth was observed.  Cell adhesion forces 
were observed to be strongest on UV-treated ultrananocrystalline diamond, and cell 
growth experiments showed that ultrananocrystalline diamond was intrinsically more 
biocompatible than microcrystalline diamond surfaces. The surface carboxylic acid 
groups on a functionalized diamond surface provide tethering sites for laminin to 
support the growth of neuron cells. Finally, using capillary injection, a surface 
gradient of polyethylene glycol could be assembled on top of the diamond surface for 








 Diamond has been claimed to be an excellent biocompatible material, although 
the basis of this statement has not been thoroughly qualified in the context of its 
surface chemistry and topography.  The surface properties of diamond can be made 
hydrophobic or hydrophilic with hydrogen or oxygen termination1, respectively, which 
have implications for cellular adhesion. Photochemical coupling of organic molecules 
onto a hydrogen-terminated diamond surface was pioneered by Hamers2, and 
biorecognition events based on impedimetric sensing have been achieved on these 
platforms3. In terms of cell growth, the ordered growth of neurons has been 
demonstrated by Specht and coworkers4 on protein-coated diamond using micro-
contact printing. Neuronal cell excitability on functionalized diamond surfaces have 
been shown by Ariano and coworkers.5 However, the cellular adhesion properties of 
as-grown diamond surfaces or functionalized diamond surface have not been studied 
in detail.  
Cellular adhesion is of fundamental importance in many biological processes 
as the adhered cells will sense, interpret, integrate and respond to the extracellular 
signals. Chemical and physical signals from the substrate such as surface energy, 
topography, electrostatic charge and wettability play a vital role in stimulating cell 
adhesion and influencing cell growth behavior. The physiochemical effects of 
different functional groups on cellular attachment have been extensively studied6,7. On 
the other hand, surface topography is also an important biomimic stimulator for cell 
growth because the in vivo growth of cells occurs on biological interfaces8,9 that 
usually have nanotopographical features9.  
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In order to develop diamond as a signal transduction platform for the optical or 
electrical monitoring of cellular activities, strong cellular adhesion on the surfaces of 
diamond must be achieved, because the cell and its adhesive components will be 
subjected to external perturbation in continuous flow systems. An AFM operated in 
force mode has been used in probing the interaction forces between cell-surface10, 
cell-cell11, biotin-streptavidin12, antibody-antigen13, and complementary strands of 
DNA oligomers14. Nebel and coworkers recently applied AFM to study the forces 
needed to remove bonded DNA from single crystal diamond14. The adhesion forces of 
NHDF cells on a diamond surface with different surface chemistry and topography 
were investigated. Photochemical functionalization of the diamond using simple UV 
irradiation in air, or via alkene acids groups15, were evaluated comparatively in terms 
of biocompatibility. To assess the role of surface energy and topography on cell 
growth, the surface conditions and topography of diamond were correlated with the 
cell adhesion forces, cell attachment and cell viability.  In addition, the carboxylic acid 
groups present on a functionalized diamond surface was coupled to an active protein 
layer in order to support neuronal cell growth. Finally, by controlling the gradient of 
polyethylene glycol on the surface, a cell gradient has also been successfully generated 
on a diamond surface. Such cellular gradients could potentially provide an 







3.2 Experimental Section 
3.2.1 Chemicals 
All the chemicals used in this experiment were purchased from Sigma Aldrich 
unless otherwise stated and were used as received. A polyethylene glycol (PEG) 
derivative (relative molecular weight = 5197) possessing an amine end-group, referred 
to as m-PEG-NH2, was purchased from NOF Corporation.  
 
3.2.2 Sample Preparation 
Sub-micron grain-size, 5 µm thick microcrystalline diamond was obtained 
from Adamant electrodes. Ultrananocrystalline diamond of about 1-2 µm thickness on 
silicon was supplied by rho-BeSt coating.  Diamond samples were cleaned and 
chemically oxidized with hot ‘Piranha’ solution (30% H2O2 : 97% H2SO4 = 1 : 3) for 
1 hour, followed by rinsing with ultrapure water. The samples were then rinsed with 
tetrahydrofuran followed by hexane. Cleaned diamond samples were hydrogen-
terminated by hydrogen plasma treatment at 800 W in a microwave plasma CVD 
system under 300 sccm hydrogen gas flow for 15 min. All freshly prepared hydrogen-
terminated diamond samples (denoted as H-terminated hereafter) were used 
immediately for surface treatment and cell culture.  
 
3.2.3 UV Oxygenation 
Hydrogen-plasma treated diamond samples was exposed to UV irradiation (18 
W, 254 nm) in air for 18 hours (hereafter denoted as UV-treated diamond) in air. 
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3.2.4 UV Photochemical Grafting 
UV photochemical grafting of the carboxylic acid functional group was 
achieved by covering the H-terminated diamond samples with a thin layer of 
undecylenic acid (UA), and introducing the sample into a chamber maintained in 
positive nitrogen pressure. Samples were exposed to the UV irradiation (18 W, 254 
nm) for 18 hours through an UV transparent quartz window. After UV 
functionalization, the samples (hereafter known as UA-functionalized diamond) were 
rinsed with ultrapure water, tetrahydrofuran and finally with hexane. All prepared 
samples were used within 24 hours.  
 
3.2.5 X-ray Photoelectron Spectroscopy 
X-ray photoelectron spectroscopy (XPS) was preformed with VG ESCALAB 
MkII spectrometer using an unmonochromatized Mg Kα X-ray source (1253.6 eV). 
The pass energy of the hemispherical analyzer was set at 50 eV for wide scan and 20 
eV for narrow scan. 
 
3.2.6 Morphology and Topography 
Surface morphology of microcrystalline and ultrananocrystalline diamond 
were observed by a JEOL 6701 FESEM (Field Emission Scanning Electron 
Microscope) and the surface topography were investigated by an Atomic Force 
Microscope XE-100 from PSIA.  
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3.2.7 Wettability Behavior 
Contact-angle measurements were performed with a Rame-Hart Contact Angle 
Goniometer. 3 µL of ultrapure water was placed on the prepared samples and three 
measurements were taken for each sample.   
 
3.2.8 Surface Carboxylic Acid Group Measurement 
The UA-functionalized diamond samples (1 cm2) were soaked in 5×10-4 M 
toluidine blue O (TBO) solution, and adjusted to pH 10 with NaOH. Formation of 
ionic complexes between the surface carboxylic acid groups and the cationic dye was 
allowed to proceed for 5 hours at room temperature, followed by rinsing the samples 
with NaOH solution to remove the uncomplexed TBO molecules. Desorption of the 
dye was performed in 50 wt % acetic acid solution and its amount was calculated from 
its optical density at 633 nm, using a calibrated plot. 
 
3.2.9 Cell Culture 
Two cell lines were used in this work, namely Normal Human Dermal 
Fibroblast (NHDF) cells (PromoCell GmbH, Germany) and Pheochromocytoma 
(PC12) cells. NHDF cells were routinely cultured at 37°C and 5% CO2 atmosphere 
with complete Fibroblast Growth Medium (PromoCell GmbH, Germany) containing 
insulin (5 µg/mL), basic fibroblast factor (1 ng/mL), penicillin (1000 IU/mL) and 
streptomycin (1000 µg/mL). PC12 cells were routinely cultured on collagen-coated 
flasks with RPMI1640 medium supplemented with fetal calf serum (10%), fetal horse 
serum (5%), penicillin (1000 IU/mL) and streptomycin (1000 IU/mL). NHDF cells or 
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PC12 cells were seeded at 5 × 104 cells/mL onto 24-well tissue culture plates, 
containing 1 cm2 of sample surfaces in each well. For cell seeding onto the PEG-
modified gradient surface, an initial cell density of 1.5 × 105 cells/mL was used and a 
sample with dimension of 2 cm × 2 cm was used. Cells were allowed to attach for 24 
h and the loosely attached cells were removed by rinsing with PBS for 3 times.  
A fibroblast cell is an anchorage-dependent cell line which is very useful in 
biocompatibility studies as it will contact with biomaterials upon implantation. 
Furthermore, it does not require stringent culture conditions and will proliferate 
readily into the confluence state on a biocompatible material. A PC12 cell is a 
tumorigenic cell line which will differentiate into sympathetic neurons upon exposure 
to the nerve growth factor (NGF). It is a very useful cell line for neurotransmitter 
study as sizeable amounts of neurotransmitter such as dopamine and norepinephrine 
can be stored in this cell line. However, it requires an Extracellular Matrix (ECM) 
such as collagen or laminin coating for attachment and differentiation. This 
requirement is used in this work to assay the coupling efficiency of protein on a 
functionalized diamond surface.    
 
3.2.10 Attachment of Cells to an AFM Cantilever 
Concanavalin A (Con A)-functionalized cantilevers (spring constant of 0.01 
N/m, Veeco) were prepared by cleaning tips in acetone for five minutes and then UV 
irradiating for fifteen minutes followed by incubation in biotinamidocaproyl-labeled 
bovine serum albumin (0.5 mg/mL in 100 mM NaHCO3) overnight at 37°C. They 
were then incubated in streptavidin solution (0.5 mg/mL in PBS) for 10 minutes at 
room temperature after thorough rinsing with PBS. Following the removal of unbound 
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streptavidin, the cantilevers were incubated in biotinylated Con A (1 mg/mL in PBS) 
for one hour. The Con A-coated cantilever was finally rinsed with PBS for three times 
before the AFM force measurements. 
 
3.2.11 AFM Force Measurements 
Force curves of cell surface interactions were obtained on a MultiModeTM 
PicoforceTM AFM (Veeco) at room temperature in a fluid cell with medium using the 
functionalized cantilevers. The spring constant of the cantilever was obtained using 
the thermal tune module prior to attaching a cell. A small amount of cell suspension 
obtained by trypsinization was added on to the diamond surface being studied. The 
Con A-functionalized cantilever was positioned on top of a single NHDF cell and 
lowered gently. The contact was maintained for a few seconds to allow the NHDF cell 
to attach to the cantilever. The cantilever with the attached cell was then used to 
obtain force curves. Each force curve represents a single cycle of approach and 
retraction of the cell-cantilever system with respect to the surface. All force curves 
were obtained under similar interaction parameters (contact force of 3 nN, contact 
time of 200 ms and retraction velocity of 2 µm s-1) and a total of 150 force 
measurements were done for each sample. 
 
3.2.12 Hoechst Stain Assay 
The level of NHDF cell attachment was estimated from the total DNA content 
measured with Hoechst stain H3325815. Cell-attached samples were incubated in 
0.02% sodium dodecyl sulfate (SDS)/ saline sodium citrate (SSC) for 1 hour to allow 
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cell membrane lysis, and they were subsequently stained with H33258 (1 ug/mL in 
SSC) for 15 mins to allow the binding of H33258 with DNA. Finally, fluorescence 
intensity was assessed using an excitation wavelength of 355 nm and a detection 
wavelength of 460 nm. The total DNA content was calculated from the standard curve 
of known DNA concentrations. 
 
3.2.13 MTT-ESTA Assay 
The NHDF cell viability was determined by established MTT-ESTA assay16. 
First, the cell-attached samples were incubated in 3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyl-tetrazolium bromide (MTT) (0.3 mg/mL in PBS) for 2 h. Following cell lysis 
by SDS, the purple stain was eluted with acidified isopropanol and the optical density 
was measured at 595 nm. The degree of optical density reflects the total cell viability. 
 
3.2.14 Statistical Analysis  
All results are tested with Student’s t-test to identify the significant difference 
between results. All the results are presented as mean ± standard deviation.  
 
3.2.15 Live/Dead Cytotoxicity® Kit 
By using the Live/Dead Cytotoxicity Kit® from Molecular Probes, viable and 
non-viable cells can be recognized simultaneously without digesting the cells from the 
sample surface. Both viable cells (fluorescein filter) and non-viable cells (rhodamine 
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filter) were visualized by fluorescent microscope (Olympus BX60) according to the 
standard protocol from Molecular Probe. 
3.2.16 Protein Immobilization 
The carboxylic acid group on the UA-functionalized diamond was activated to 
form an NHS-ester intermediate on the diamond surface by incubating with a solution 
containing EDC (0.4 M) and NHS (0.1 M) for 1 hour. After rinsing with PBS, it was 
incubated with laminin solution (0.1 mg/mL in PBS) for 1 hour. To eliminate the 
unspecific binding of protein, the sample was vortexed in Tween-20 solution (0.5% in 
PBS) for 30 minutes. After final rinsing with PBS, the sample was used immediately 
for neuron cell growth experiment.  
 
3.2.17 Gradient Formation 
A polyethylene glycol (PEG) surface gradient was achieved by controlling the 
diffusion of PEG in the polymer gel17. The surface carboxylic acid group on diamond 
was activated similarly to the protein immobilization step, and after thorough rinsing 
with PBS solution, the NHS-ester modified surface was coated with a layer of 3% 
agarose gel. A small syringe containing m-PEG-NH2 (4 mg/mL) solution was pierced 
into the center of the gel. The syringe was connected to a syringe pump to deliver the 
PEG solution into the gel at a constant rate of 10 µL/hr for a period of 8h. After 
peeling the gel from surface, the PEG-modified surface was rinsed with PBS followed 
by Tris (50 mM) to saturate the unreacted carboxylic acid group. The PEG-modified 

























3.3 Results and Discussions 








Figure 3.1 XPS wide-scan spectra of H-terminated, undecylenic acid-functionalized 
and UV-treated diamond. 
 
In Figure 3.1, an XPS wide-scan spectra confirms that the H-terminated 
diamond surface consisted only of carbon and insignificant amount of oxygen. In 
contrast, both the UV-treated and UA-functionalized diamonds show appreciable O1s 
peak intensities at 533 eV, in addition to C1s peak at 285 eV. The C1s narrow scans 
as shown in Figure 3.2 confirmed the presence of various functional groups by their 
respective chemical shifts. H-terminated diamond shows only the bulk diamond peak 
at 284.5 eV, with a narrow full-width-at-half-maximum (FWHM). For UV-treated 
diamond, the FWHM is much wider, with a broad shoulder extending to 287.5 eV, 
which can be attributed to the presence of oxygen functionalities related to hydroxyl 
(OH) or carbonyl (C=O) groups. This proves that the UV irradiation of diamond in air 
resulted in the oxygenation of the hydrogenated diamond surface, possibly via attack 
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by ozone or hydroxyl radicals generated from moisture. For UA-functionalized 
diamond, a chemically shifted peak at 289.6 eV due to the presence of carboxylic 








Figure 3.2 XPS C(1s) spectra of H-terminated, undecylenic acid-functionalized and 
UV-treated microcrystalline diamond. 
 
The diamond surfaces became more hydrophilic after irradiation with UV or 
functionalization by UA, as evidenced by the wetting angle studies shown in Table 1. 
UV-treated diamond surfaces were more hydrophilic than the UA-functionalized 
diamonds, which can be attributed to the higher oxygen content on the UV-treated 
surfaces. The TBO method was employed to determine the amount of carboxylic acid 
groups on the UA-functionalized diamond surfaces, as shown in Table 1. The 
ultrananocrystalline diamond surface provides a higher surface area for the grafting of 
UA molecules compared to that of microcrystalline diamond. The surface morphology 
of microcrystalline diamond is shown in Figure 3.3a, where a sub-micron grain size of 
between 100-300 nm can be seen. Figure 3.3b shows that the ultrananocrystalline 
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diamond has finer grain size in the range of 5-10 nm. Figure 3.4 shows the three-
dimensional surface topography map using AFM. It can be seen that the 
ultrananocrystalline diamond has finer grain size and smaller surface corrugation, 
which potentially can allow a larger surface contact area with the cells. 
Diamond Sample Wetting angle θ (°) COOH density 
(molecules/cm2) 
H-terminated 
Micro 90.9 (± 1.0) - 
Ultranano 88.7 (± 0.9) - 
UV-treated 
Micro 69.3 (± 1.5) - 
Ultranano 66.5 (± 1.5) - 
Undecylenic 
acid 
Micro 71.0 (± 0.9) 4.8 (± 0.5) ×1014 
Ultranano 77.7 (± 1.1) 6.7 (± 0.5) × 1014 
 
Table 1. Wetting angle of water on different diamond samples and density of the 
surface carboxylic acid groups determined by the TBO method. 
 
 
Figure 3.3 SEM micrographs showing the morphology of (a) microcrystalline 




Figure 3.4 AFM images showing the topography of (a) microcrystalline diamond and 
(b) ultrananocrystalline diamond.  
 
3.3.2 Cell Adhesion Forces 
 















      
(a) (b) 
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Atomic Force Microscopy (AFM) in force mode was used to quantify the 
initial cell adhesion forces on different diamond surfaces. This is schematically 
illustrated in Figure 3.5. A single NHDF cell was first attached to a Con A-
functionalized cantilever and the cell-cantilever system was lowered onto the sample 
surface until a predefined contact force (3 nN) was established between the cell and 
the surface. After a contact time of 200 ms, the cantilever was retracted from the 
surface at a constant velocity of 2 µm s-1 until they were completely separated. On the 
retraction process, the cantilever was pulled downwards if there were adhesive 
interactions established between cell and sample surface. Any adhesive interactions 
formed between cell and the surface ruptured during the retraction process. The 
sequential rupture of one or more bonds was observed as sharp jumps in the retraction 
curve and each of these sharp jumps (indicated by arrows under force curve) is 
considered as a de-adhesion event. The maximal de-adhesion force is represented by 
the maximum (negative) peak in the retraction curve (Fd, Figure 3.5), which provides 
a quantitative measurement of cell adhesion force to the surface. The number of de-





Figure 3.6 Force curves between a NHDF cell and (a) microcrystalline and (b) 
ultrananocrystalline diamond with different modifications. 
 
Figure 3.6 presents the representative force curves between single NHDF cell 
and the diamond surfaces with different surface treatment. The “sawtooth” profile in 
the force curves indicate that multiple bond-rupturing processes are involved in the 
retraction. It is noteworthy that additional de-adhesion forces are needed for complete 
cellular detachment on UV-treated diamond and UA-functionalized diamond 
compared with H-terminated diamond. For ultrananocrystalline diamond, the cell 
underwent multiple de-adhesion events which stretched for a few micrometers before 
the final separation from the surface (Figure 3.6b). In the case of microcrystalline 
diamond surfaces, the cell underwent a smaller number of de-adhesion events and 
became detached from the surface at a shorter distance (Figure 3.6a).  
      




































Figure 3.7 (a) De-adhesion forces and (b) number of de-adhesion events per curve 
between the NHDF cell and different diamond samples. (In the calculation of the de-
adhesion event, peak transition higher than 40 pN with reference to the noise level 
was calculated as 1 de-adhesion event). Data are presented as mean ± standard 
deviation of 150 experiments. Differences within samples were tested with Student’s 
t-test: *P < 0.001 compared with the respective H-terminated samples 
(microcrystalline or ultrananocrystalline); #P < 0.001, ◊P < 0.01, +P < 0.05 compared 
with the microcrystalline diamond samples under same surface treatment (H-
termination, undecylenic acid functionalization or UV treatment). 
 
150 force curves for each sample were analyzed in order to arrive at a 
statistical average. The average value of maximum de-adhesion forces and the number 
of de-adhesion events per curve are summarized in Figure 3.7. For both 
microcrystalline and ultrananocrystalline diamond samples the maximum de-adhesion 
forces were strongest on UV-treated surfaces, followed by UA-functionalized, and 
these forces were weakest on freshly prepared H-terminated surfaces (Figure 3.7a). On 
both types of diamond surfaces, UA-functionalization increased the maximum cell de-
adhesion forces by about 2-fold and surface treatment with UV irradiation increased 
the maximum cell de-adhesion forces by about 2.5-fold, compared to the freshly 
prepared H-terminated surface. Under similar experimental conditions, the maximum 
de-adhesion forces for all ultrananocrystalline diamond samples were observed to be 
higher than microcrystalline diamond samples by about 30 pN. Ultrananocrystalline 














































































diamond samples also had a higher number of de-adhesion events per curve compared 
to the microcrystalline diamond samples (Figure 3.7b).  Cell adhesion was observed to 
be strongest on the UV-treated ultrananocrystalline diamond (227.60 ± 98.68 pN), on 
average about 8 bonds were formed during the adhesion event. In contrast, cell 
adhesion was weakest on H-terminated microcrystalline diamond (66.53 ± 58.01 pN), 
and on average about 2 bonds were formed during the adhesion event. The maximum 
detachment force can be benchmarked against the forces measured on a fibronectin-
coated diamond surface. In this case the adhesion force is mediated by specific 
binding between the cell-membrane protein and fibronectin, and it was determined to 
be about 551 pN. Therefore, the cell-adhesion force mediated by non-specific 
interaction on UV-treated ultrananocrystalline diamond is about 50% of the specific 
adhesion forces between fibronectin and the same cell.  
  Cell adhesion on all diamond samples is mediated by the electrostatic 
interactions or the hydrogen-bond formation between cell-membrane proteins and 
diamond surfaces. The low de-adhesion forces on H-terminated diamond can be 
attributed to the hydrophobic characteristics of the surface. Surfaces which have been 
UV- or UA-treated have a high density of carbonyl or carboxylic acid groups which 
afford strong electrostatic interactions as well as hydrogen bonding with the cell 
membrane proteins. The topography of ultrananocrystalline diamond in this case 
provides higher surface area for the functional groups to interact with cell membrane, 
albeit non-specifically.  
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3.3.3 Cell Growth 
 
 
Figure 3.8 The level of NHDF cell attachment on different diamond samples was 
estimated from (a) total DNA concentration of cells; (b) cell viability. Data are 
presented as means ± standard deviation of 12 samples. Differences within samples 
were tested with Student’s t-test: *P < 0.001 compared with the respective H-
terminated samples (microcrystalline or ultrananocrystalline); #P < 0.001, ◊P < 0.01, 
+P < 0.05 compared with the microcrystalline diamond samples under same surface 
treatment (H-termination, undecylenic acid functionalization); •P > 0.05 shows there 
is no significant difference between microcrystalline and ultrananocrystalline diamond 
samples with UV treatment. 
 
To correlate the initial cell-adhesion forces to the subsequent cell growth, cell 
culture experiments were carried out on microcrystalline and ultrananocrystalline 
diamond samples which have been subjected to the same series of surface 
modifications. NHDF cells were allowed to attach onto the diamond samples and 
grow for 24 hours, with a fibronectin-coated cover-slip as control. After washing with 
PBS to remove the loosely attached cells, the NHDF cells were quantified by DNA 
assay and MTT-ESTA assay and the results are summarized as Figure 3.8. 
As shown in Figure 3.8a, the highest cell density could be found on the UV-
treated surface, followed by UA-functionalized surface. The lowest cell number was 
found on the freshly prepared H-terminated surface. For microcrystalline diamond 
samples, UA functionalization and UV treatment increased the cell density by about 
































































5-fold and 6-fold, respectively, compared to the freshly prepared H-terminated 
surface. However, the surface treatment using either UV irradiation or UA on 
ultrananocrystalline diamond increased the cell density by only 3-fold because the 
original H-terminated ultrananocrystalline diamond surface already had a cell density 
of 2-fold higher than the H-terminated microcrystalline diamond surface. Therefore 
intrinsically, ultrananocrystalline diamond is more biocompatible than other diamond 
surfaces. 
Figure 3.8b shows the cell viability studies where the percentages (with respect 
to a  fibronectin-coated surface) of live cells were assayed on different diamond 
samples. 75% or more cell viability could be observed on UV-treated or UA-
functionalized diamond surfaces, whereas only 30% cell viability was observed on H-
terminated diamond. Detailed cell morphology can be seen in representative optical 
micrographs, as shown in Figure 3.9. After surface treatment with UA or UV, NHDF 
cells spread and developed a spindle-like morphology on the diamond surfaces. This 
is very similar to the cell morphology on the fibronectin-coated cover-slip, implying 
good cell attachment and healthy cell growth. However, NHDF cells exhibited a round 
morphology on the H-terminated diamond surface, an indication of poor cell 
attachment due to the hydrophobic surface. A Live/Dead Cytotoxicity® Kit from 
Molecular Probes was used to investigate the cytotoxicity effect of H-terminated 
treated diamond surfaces after surface treatment. Representative fluorescence 
micrographs are shown in Figure 3.10, where green fluorescence could be observed 
from live cells with intact membranes, dead cells with damaged membranes were 
expected to show red fluorescence. It is clear that all of the cells attached to the 
diamond surfaces have intact membranes, and that UV-treated diamond showed the 
highest viable cell count. 
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Figure 3.9 Representative optical micrographs (scale bar 150 µm) of NHDF cells after 
24h culture on (a) H-terminated, (b) undecylenic acid-functionalized and (c) UV-
treated diamond surfaces (top row: microcrystalline; bottom row: 
ultrananocrystalline). 
 
Figure 3.10 Fluorescence micrographs showing NHDF cell attachment on (a) H-
terminated, (b) UA-functioanlized and (c) UV-treated diamond surfaces (top row: 
microcrystalline; bottom row: ultrananocrystalline).  The green fluorescence indicates 
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3.3.4 Protein Immobilization  
In order to explore the possibility of using a diamond surface as a platform for 
future neuronal cell studies, a protein layer was covalently bonded to the diamond 
surface to support the neuronal cell growth. The surface carboxylic acid group of the 
UA-functionalized diamond was activated by 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride / N-hydroxysuccinimide 
(EDC/NHS) to form a stable NHS-ester intermediate. The latter reacts readily with the 
amine group from the protein to form an amide bond. The protein-coated platform 
favored the attachment of PC12 cells (Figure 3.11a) because these cells showed 
affinity only on surfaces coated with the extracellular matrix protein coating. To 
eliminate the possibility of non-specific binding of protein on to diamond surface, the 
surface was rinsed copiously with Tween-20. A control experiment involving the 
incubation of H-terminated diamond with laminin showed no sign of PC12 cell 
attachment. After attachment of PC12 cells onto the laminin-UA-diamond surface, 
their ability to differentiate into sympathetic neuron cells was tested by adding nerve 
growth factor (NGF). It was shown that the PC12 cells were active and able to 
differentiate into neuron cells on the laminin-UA-diamond surface because numerous 
neurites extended from the cell body after nerve growth factor (NGF) was added 
(Figure 3.11b & 3.11c). The ability of functionalized diamond to support the neuronal 





Figure 3.11 Morphologies of PC12 cells on laminin-UA-functionalized diamond 
surface after (a) 12h culture in the absence of NGF; (b) 72h culture in the presence of 
NGF. (Scale bar 150 µm) and (c) SEM showing neurite extensions from PC12 cells 
after 72h culture in the presence of NGF.  
 
3.3.5 Cell Gradient Formation   
 
Figure 3.12 Schematic diagram showing the construction of PEG surface gradient by 
gel diffusion method. 
 
The surface carboxylic acid group of UA-functionalized diamond was 
activated as described above to form a stable NHS-ester intermediate. This 
intermediate reacted readily with the amine group from m-PEG-NH2. A syringe 
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agarose gel, creating a diffusion gradient of PEG within the gel, as shown by the 
schematic diagram in Figure 3.12. The region directly beneath the point source had a 
higher concentration of PEG and this concentration decreased with distance from the 
point source. PEG is well known for its ability to reduce nonspecific adsorption of 
proteins and cells. The surface gradient of PEG coverage on diamond was 
subsequently used for cell gradient formation. NHDF cells at 1.5 × 105 cells/mL were 
seeded on to the PEG-gradient diamond surface and allowed to attach for 24 h. A 
series of optical micrographs in Figure 3.13 show the attachment of NHDF cells at 
different positions along the PEG gradient. Due to the greater cell inhibition at the 
regions of higher PEG concentration, a cell gradient was established following the 
diffusion profile of PEG and the cell density was higher at the position farther away 
from the point source. Therefore, the controlled diffusion of PEG on UA-
functionalized diamond allows us to establish a cell gradient on diamond, which can 
serve as an experimental platform for investigating combinatorial cellular chemistry. 
 
 
Figure 3.13 Micrographs showing attachment of NHDF cells on a surface gradient of 
PEG, from left to right at 0 mm, 4 mm, 8 mm and 12 mm from PEG point source, 




Decreasing PEG concentration 
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3.4 Conclusions  
The adhesion characteristics of NHDF cells on diamond surfaces with 
different surface topography and chemistry have been analyzed quantitatively using 
biochemical assays and atomic force microscopy. UV irradiation of diamond surfaces 
in air was found to be effective for surface oxygenation and such oxygenated surfaces 
are hydrophilic and provide a better platform for initial cell adhesion and subsequent 
cell growth compared to a H-terminated surface. Photochemical coupling of 
undecylenic acid (UA) onto diamond surfaces also imparts equivalent biocompatible 
properties, although our study shows that UV-irradiation provides a more convenient 
and effective route for promoting cell attachment and cell growth. The maximum 
detachment force (227 pN) of a NHDF cell from UV-treated ultrananocrystalline 
diamond was measured to be about 50% of that of the specific binding force (551 pN) 
between fibronectin and the cell membrane, and about 3.5 times larger than the 
detachment force on hydrogenated diamond (66 pN). Therefore, the term 
“biocompatibility” of diamond surfaces refers to oxygenated diamond surfaces. It was 
also verified that ultrananocrystalline diamond exhibits better performance than 
microcrystalline diamond in terms of cell attachment and cell growth. UA-treated 
diamond surfaces, however, are amenable to further functionalization with 
biomolecules. By utilizing the surface carboxylic acid group of UA-functionalized 
diamond, an active protein layer supporting neuronal cells growth can be constructed 
on the diamond surface. Finally, the formation of a cell gradient was achieved by 
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Chapter 4. Whole-Cell Environmental Biosensor on 
Diamond 
 
A whole-cell environmental biosensor was a fabricated on a diamond electrode 
surface. Unicellular microalgae Chlorella vulgaris was entrapped in a bovine serum 
albumin (BSA) membrane and immobilized directly onto the surface of a diamond 
electrode for heavy-metal detection. We found that the unique surface properties of 
diamond reduce the electrode-fouling problem commonly encountered with metal 
electrodes and impart higher detection sensitivity as well as long-term stability 
(storage up to 14 days and 20 repetitive scan times). The detection limits of the 
diamond biosensor at 0.1 ppb for cadmium ions and zinc ions conform to the drinking 












The past decade witnessed the rapid dwindling of fresh water sources in 
developing countries due to contamination by various toxic compounds such as heavy 
metals and pesticides, as well as problems caused by deforestation and climate 
changes. Accompanying these changes, there are ongoing efforts to develop water 
monitoring systems that are portable and which can show rapid, sensitive response to 
a wide range of toxins. Biosensors have received much attention in water-monitoring 
systems owing to their high sensitivity, low cost and easy adaptation for on-line 
monitoring1,2. Whole cell micro-organisms appear to be attractive candidates as they 
host a large number of enzymes and bioreceptors which can be very sensitive to toxic 
compounds. The green alga Chlorella vulgaris has been used in constructing 
optical3,4, electrochemical5 and conductometric6 biosensors for environment 
monitoring. C. vulgaris is an ideal choice for a biosensing element because it is 
ubiquitous and grows year-round in all climatic conditions. Its wide availability in 
nature, simple cell structure and ability to acclimatize to low nutrient levels make it an 
excellent choice as a biological sensing material. Phosphatase enzyme is one of the 
enzymes which can be found abundantly in the C. vulgaris cell wall. Under alkaline 
conditions, phosphatase enzyme activity, known also as alkaline phosphatase activity 
(APA), will be inhibited by toxins such as heavy-metal ions. APA dephosphorylates 
the substrate p-nitrophenyl phosphate into p-nitrophenol and phosphate ions. 
Chouteau et. al. developed a conductometric biosensor based on the inhibition of 
APA in the presence of heavy-metal ions6. Marks et. al. developed  an 
electrochemical biosensor based on C. vulgaris immobilized on a platinum electrode, 
and the APA was monitored by the oxidation current of enzymatically generated p-
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nitrophenol5. However, we found that long term usage of this biosensor is precluded 
by the problem of electrode fouling.  
To develop long-term stability, diamond was evaluated as the candidate 
platform sensing material in this work. Diamond possesses outstanding 
electrochemical characteristics, such as a wide potential window7,8,9, low background 
current10,11, weak adsorption for organic molecules12,13 and high stability of 
response.14,15. Therefore, diamond electrodes are a suitable material for several 
purposes: synthesis of chemicals, electroanalysis9, energy conversion and destruction 
of organic/inorganic pollutants16. Moreover, the versatility of these materials has also 
been extended to develop sensors and biosensors9,17. However, the growth conditions 
for alga cells on diamond, as well as the condition for stable and leach-free 
entrapment of these cells on diamond, are unknown. Therefore, we investigate the 
immobilization of alga cells on diamond, and investigate the parameters that allow 
sensitive detection of heavy metals. Comparative studies on sensitivity and resistance 
to electrode fouling, as well as heavy-metal detection, were also carried out for 









4.2 Experimental Section 
4.2.1 Chemicals 
All the chemicals used in this experiment were purchased from Sigma Aldrich 
unless otherwise stated and were used as received.  
 
4.2.2 Diamond Electrode Preparation 
The boron-doped diamond electrode was grown on a 35 mm diameter niobium 
disk using conventional CH4/H2/diborane chemistry, with a 2.45 GHz commercial 
microwave chemical vapor deposition (CVD) system. Diamond samples were cleaned 
and chemically oxidized with hot ‘Piranha’ solution (30% H2O2 : 97% H2SO4 = 1 : 3) 
for 1 hour, followed by rinsing with ultrapure water. The samples were then rinsed 
with tetrahydrofuran followed by hexane. Cleaned diamond samples were hydrogen-
terminated by hydrogen plasma treatment at 800 W in a microwave plasma CVD 
system under 300 sccm hydrogen gas flow for 15 min.  
 
4.2.3 Algae Culture Condition  
The algae C. vulgaris strain was purchased from the Culture Collection of 
Algae and Protozoa (CCAP) at Cumbria, UK. The algae was cultured in the inorganic 
defined medium and sub-cultured every three weeks. In order to induce maximal 
enzyme alkaline phosphatase activity (APA), the algae were centrifuged and 
suspended in a  phosphate-free medium for 25 days before being immobilized on the 
diamond electrode surface18.  
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4.2.4 Diamond Biosensor Preparation 
The algae were immobilized on the diamond electrode surface by using bovine 
serum albumin (BSA) and glutaraldehdye as the crosslinker19. 100 µL of starved algae 
solution and 10 % (w/v) BSA were mixed and deposited onto the diamond electrode 
surface. Finally, the electrode was placed in the saturated glutaraldehyde vapor for 20 
minutes and dried at room temperature for 30 minutes. The electrode surface area was 
0.0962 cm2. 
 
4.2.5 Fluorescence Observation 
A fluorescence micrograph of the algae/BSA membrane after immobilization 
on the diamond electrode was observed with a fluorescence microscope (Olympus 
BX60) equipped with a rhodamine B filter (excitation: 540 nm; emission: 625 nm).  
 
4.2.6 Electrochemical Instrumentation 
All electrochemical experiments in this work were accomplished using 
Autolab/PGSTAT30, Eco Chemie B.V. with a platinum wire and a saturated Ag/AgCl 
electrode as a counter and a reference electrode, respectively.  
 
4.2.7 Cyclic Voltammetry and Chronoamperometric 
The electrochemical behavior of the algae-BSA-membrane-coated diamond 
electrode was investigated by cyclic voltammetry in the presence of 0.5 mM ferrocene 
carboxylic acid solubilized in 0.1 M tris-HCl containing 1 mM MgCl2. For 
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chronoamperometry, the algae-coated diamond electrode was immersed in 0.1 M tris-
HCl (with 1 mM MgCl2 as enzyme activator) solution. The electrode was 
potentiostated at 1.2 V and the susbstrate p-nitrophenyl phosphate was added into the 
solution with constant stirring (100 rpm). The resulting current from the oxidation of 
enzymatically generated p-nitrophenol was recorded.  
 
4.2.8 Heavy-Metal Testing 
Two heavy metals, namely cadmium and zinc ions (with nitrate as anion), 













4.3 Results and Discussions 
4.3.1 Membrane Permeability 























Figure 4.1 Cyclic voltammograms of diamond in a ferrocene carboxylic acid solution 
(a) before algae-BSA coating and (b) after algae-BSA coating (c) after soaking (b) 
overnight in buffer solution. The small current decrease after BSA coating and 
overnight soaking shows good permeability and stability.  
 
The permeability of an algae-BSA membrane on a diamond electrode was 
investigated by cyclic voltammetry in a buffer solution containing ferrocene 
carboxylic acid. The steric hindrance generated by this membrane was monitored by 
the one-electron oxidation of ferrocene by the diamond electrode. Cyclic 
voltammograms recorded at the diamond electrode prior to and after the algae-BSA-
membrane coating are shown in Figure 4.1. The algae-BSA-membrane coating 
imposed only a slight degree of steric hindrance to the heterogeneous electron transfer 
of ferrocene carboxylic acid with the underlying diamond electrode, as can be judged 
by the small current decrease in the reversible peaks, i.e. the anodic peak is decreased 
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from 8.1 µA to 6.9 µA after the coating. The small current decrease demonstrates the 
good permeability of the BSA membrane and indicates that it is a good candidate in 
this biosensor design. The stability of the membrane was confirmed by soaking the 
algae-BSA-coated diamond electrode in the buffer solution overnight, and the result 
shows (Figure 4.1c) that the current density remained unchanged with no visible 
change in the membrane appearance. 
 
4.3.2 Algae Viability 
 
Figure 4.2 Fluorescence image of algae/BSA membrane. Photosystem II (PS II) 
fluorescence emission indicates the algae remain viable after BSA entrapment.  
 
Fluorescence observation of the algae/BSA membrane was done with filter at 
540 nm for excitation and 625 nm for emission. This excitation wavelength lies close 
to the Soret band maximum absorption of chlorophyll b in algae20 whereas the 
emission wavelength corresponds to the Photosystem II (PS II) fluorescence emission 
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peak in algae21. From Figure 4.2, red fluorescence can be seen from the algae/BSA 
membrane, indicating that most of the green algae remain in the viable state.  
 
4.3.3 Alkaline Phosphatase Activity Detection 
 
Figure 4.3 Detection principle for a diamond biosensor. The electro-inactive substrate 
p-nitrophenyl phosphate will be dephosphorylated by enzyme alkaline phosphatase at 
the algae membrane to produce electro-active p-nitrophenol, and it will be 
subsequently oxidized at the diamond electrode. The oxidation of p-nitrophenol will 
create electrode fouling problem at other metal electrodes.  
 
The principle of this diamond biosensor is based on the dephosphorylation 
properties of the enzyme alkaline phosphatase which can be found abundantly in the 
algae membrane, as schematically depicted in Figure 4.3. The added p-nitrophenyl 
phosphate, which is electro-inactive, will act as the substrate for this enzymatic action 
and the product p-nitrophenol, which is electro-active will be generated. Thus, 
chronoamperometry experiment monitors the oxidation current of p-nitrophenol. 
The density of the immobilized cells has to be controlled to optimize the 
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diamond platform with cells will passivate the electrical response of the diamond and 
block the diffusion of analytes to the diamond surface. The oxidation current response 
of different algae-concentration loading in the presence of excess substrate (0.5 mM) 
is shown in Figure 4.4a. It shows clearly that the optimum cell density can be obtained 
at 5 x 107 cells/mL, where the highest oxidation current is obtained. The optimum pH 
for this diamond biosensor is also investigated and shown in Figure 4.4b. It was found 
that the optimum pH for the enzyme alkaline phosphatase activity is at pH 9 as it 
gives the highest current response in the presence of excess substrate.  



































Figure 4.4 Current response of (a) different algae concentrations immobilized on a 
diamond surface (b) diamond biosensors in different pH solution in the excess of 
substrate concentration (0.5mM). The optimum condition for diamond biosensor can 
be obtained at 5 x 107 cells/mL and pH 9.  
 
Having identified the optimum conditions for the experiment (5 × 107 
cells/mL; pH 9), the analytical performance of the diamond biosensor was 
investigated. Figure 4.5 shows the calibration curves for substrate p-nitrophenyl 
phosphate when diamond and platinum were used as electrode materials. The 
sensitivity was 8.03 mA M-1 cm-2 and 4.03 mA M-1 cm-2 for diamond and platinum 
electrodes, respectively. Algae immobilized on diamond electrodes exhibited higher 
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sensitivity compared to those on the platinum electrodes: each addition of substrate 
into the solution containing the diamond biosensor generated an oxidation current 
which was about two times higher than the platinum biosensor before all of the 
enzymatic sites were saturated. It can be noted that for the diamond biosensor, the 
oxidation current reached saturation at a lower substrate concentration (0.125 mM) 
compared to the platinum biosensor (0.2 mM).  
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Figure 4.5 Substrate calibration curve for algae immobilized on diamond and platinum 
surface. Algae immobilized on diamond surfaces shows higher sensitivity as 






































Figure 4.6 Chronoamperometry current response for (a) diamond biosensor and (b) 
platinum biosensor after different scan times in excess of substrate (0.5 mM). The 
oxidation current for the diamond biosensor remains stable even after 20 scan times.  
 
 
Equation 4.1 Oxidation of p-nitrophenol to nitrophenoxy radical and subsequently to 
nitrophenoxy cation. 
 
The biofouling resistance of the diamond biosensor was further evaluated by 
monitoring the current response continuously after repetitive usage in the presence of 
excess substrate (0.5 mM). Figure 4.6 clearly shows that the oxidation current 
remained stable on the diamond biosensor compared to that on the platinum biosensor 
after 20 scans. The resistance to fouling on both electrodes after 20 scans is 










10% of the initial oxidation current throughout on diamond, compared to a decrease of 
more than 40% on the Pt electrode. A previous report by Rodrigo22 shows that 
continuous oxidation of p-nitrophenol will generate p-nitrophenoxy radicals will be 
oxidized subsequently to the nitrophenoxy cation, as shown in Equation 4.1. The 
nitrophenoxy cation is very reactive and has a tendency to polymerize and foul the 
electrode surface.  The diamond surface is chemically inert and exhibits good fouling 
resistance, due possibly to the hydrophobic, hydrogen-terminated surface23 compared 
to the more hydrophilic metal electrode surfaces. In order to evaluate the long-term 
stability, the diamond and Pt biosensors were stored in the phosphate-free medium 
and tested over a period of 14 days in excess substrate (0.5 mM). As shown in Figure 
4.8, the diamond biosensor exhibited excellent long-term stability with current 
fluctuation within 10% of the initial oxidation current, but the platinum biosensor was 
found to be unstable, the current response dropped to 60% of the initial oxidation 
current at the end of 14 days. 





























Figure 4.7 Bio-fouling resistance of diamond and platinum after repetitive usage in 
excess of substrate (0.5 mM). Within 20 scan times, the oxidation current of the 
diamond biosensor only fluctuated ~ 10% whereas the platinum biosensor showed a 
current decrease of about 40%.  
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Figure 4.8 Stability test for the diamond biosensor and platinum biosensor for 14 days. 
Insets show the chronoamperometry current response at day 1 and day 14 for (a) 
diamond biosensor (b) platinum biosensor. The diamond biosensor remained stable 
after 14 days of storage and repetitive scans.  
 
4.3.4 Heavy-Metal Detection  
The diamond biosensor was subsequently used for the detection of two heavy 
metals, namely cadmium and zinc. It is known that the enzymatic activity of alkaline 
phosphatase will be inhibited in the presence of heavy metals. The inhibition of the 
enzymatic activity will be reduced, decreasing p-nitrophenol production and 
subsequently lead to a lower oxidation current. This principle will be applied here for 
the diamond biosensor in detecting trace heavy metals.  
The diamond biosensor was exposed to the heavy-metal solution for 5 minutes 
before excess substrate (0.3 mM) was added into the solution. The results were 
summarized in Figure 4.9. For both heavy metals, it can be noted that the oxidation 
current decreased linearly with increasing concentration of heavy metals. The activity 
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of the enzyme alkaline phosphatase was inhibited at high concentration of cadmium 
ions (10 mM) and zinc ions (100 mM). A slight increase in oxidation current was 
observed for low concentrations of heavy metals (for cadmium < 10 mM; zinc < 100 
mM). This is attributed to the slight activation of the enzyme at low concentrations of 
heavy metals due to cellular stress, where stress promoters are produced to increase 
the enzyme activity24. Detection limits for the diamond biosensor was 0.1 ppb for both 
cadmium and zinc ions, which is well above the contamination level for heavy metals 
set by the US for drinking water (5 ppb for cadmium and 5 ppm for zinc). Though an 
antibody-based biosensor made by Blake et. al.25 showed a better detection limit for 
cadmium ions (30 ppt), this result presents a better detection limit as compared to 
other types of Chlorella vulgaris-entrapped biosensors, such as a Chlorella vulgaris 
optical biosensor26 (10 ppb detection limit for cadmium) and a Chlorella vulgaris 
conductometric biosensor27 (10 ppb detection limit for cadmium).  
The resistance to p-nitrophenol oxidation fouling shown by the diamond 
electrode enables it to be used as a sensitive, long-term and stable water-monitoring 
biosensor. In order to implement it as an on-site monitoring system, improvement has 
to be done as we observed that the re-activation of the enzyme was not possible after 
heavy-metal exposure.   
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Figure 4.9 Heavy-metal detection on the diamond biosensor. The oxidation current 
decreases linearly with increasing concentration of heavy metals with a detection limit 














This chapter demonstrated the suitability of diamond to be used as the signal 
transduction platform for algae cells owing to its excellent property of resisting 
electrode fouling by p-nitrophenol oxidation. The conditions for optimizing algae cell 
density on the BSA-membrane-diamond platform have been identified. Comparative 
studies on a Pt electrode showed that diamond is more resistant to electrode fouling, 
and also shows better long-term stability. The detection limit for cadmium and zinc 
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Chapter 5. Stripping Voltammetry of Lead at Bacteria-
modified Boron-doped Diamond Electrodes 
 
The wide electrochemical potential window of CVD diamond allows the cathodic 
detection of Pb2+ ions at voltages that lie outside the electrochemical potential 
window of conventional metal electrodes. The immobilization of bacteria cells, 
Acidithiobacilllus ferrooxidans, on the surface of diamond enhances the detection 
limit for Pb2+ ions by two fold, which is 10 µM. The bacteria-modified diamond 
electrode provides a linear detection range for Pb2+ from 10 µM up to 200 µM and 
higher sensitivity within the linear range. The unique property of Acidithiobacilllus 
ferrooxidans in fixing metal ions within its membrane provides the preconcentration 












Boron-doped diamond is an attractive candidate for electroanalysis owing to 
its wide electrochemical window1, low background current2, chemical inertness3 and 
high stability.4 Fujishima et. al. demonstrated the use of diamond electrodes in the 
stripping voltammetry of metal ions5. In stripping voltammetry, the electrode is 
initially held at a fixed potential in order to electrochemically deposit the analyte of 
interest onto the electrode surface. This is also known as the preconcentration step. 
The electrode will be then scanned either anodically or cathodically in order to liberate 
the analyte as an ion from the electrode. This step results in a faradaic current flow 
which can be used for the direct quantification for the analyte. Traditionally, stripping 
voltammetry is performed with a hanging mercury drop because a mercury amalgam 
will be formed upon deposition of metal ions in the preconcentration step. However, 
the toxicity and disposal problem of mercury has motivated the development of 
mercury-free electrodes. Comparison between a boron-doped diamond electrode and a 
mercury electrode shows that diamond provides at least three times improvement in 
sensitivity6. Various methods such as microwave enhanced stripping voltammetry, 
rotating disk techniques, sonoelectrochemistry and microdisk arrays have been 
utilized in order to improve the performance of diamond electrodes in stripping 
voltammetry. Here, we demonstrate the immobilization of bacteria on the diamond 
surface and the analytical application of this bacteria-diamond coupling electrode in 
stripping voltammetry. Acidithiobacillus ferrooxidans is used in this work because of 




5.2 Experimental Section 
5.2.1 Chemicals 
All the chemicals used in this experiment were purchased from Sigma Aldrich 
unless otherwise stated and were used as received.  
 
5.2.2 Diamond Electrode Preparation 
The submicron grain size, 5-µm-thick microcrystalline diamond was grown on 
a silicon (100) substrate at a substrate temperature of 750 °C using hot filament 
chemical vapor deposition (conditions: 2 sccm CH4, 200 H2. 20 Torr for 7 h). 
Diamond samples were cleaned and chemically oxidized with hot ‘Piranha’ solution 
(30% H2O2 : 97% H2SO4 = 1 : 3) for 1 hour, followed by rinsing with ultrapure water. 
The samples were then rinsed with tetrahydrofuran followed by hexane. Cleaned 
diamond samples were hydrogen-terminated by a hydrogen plasma treatment at 800 
W in a microwave plasma CVD system. 
 
5.2.3 Bacteria Culture 
Bacteria Acidithiobacillus ferrooxidans was maintained and routinely 
subcultured in a modified 9K medium of Silverman and Lundgren8 (40 g L-1 FeSO4, 
0.5 g L -1 MgSO4.7H2O, 0.5 g L-1 K2HPO4, 3 g L-1 (NH4)2SO4, 0.1 g L-1 KCl and pH 





















Adsorption for 6hours 
on diamond electrode 
Preconcentration effect in 
stripping voltammetry 
 
Schematic 5.1 Preparation of bacteria-modified diamond electrode. 
 
5.2.4 Bacteria-modified Diamond Electrode 
In order to eliminate the effect of iron in the electrochemical measurement, an 
iron-free cell suspension was prepared for the bacteria adsorption. The culture was 
first centrifuged at 1500g to remove the iron precipitates, and the bacteria cells in the 
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supernatant were then harvested by further centrifugation at 12000g. Cells pellet was 
washed 3 times with dilute H2SO4 and finally suspended in the acidic sterilized water 
(pH 2).  The adsorption of bacteria was carried out by immersing the diamond 
electrode into an iron-free bacteria suspension for a period of 6 hours. This process is 
schematically illustrated in Schematic 5.1.  
 
5.2.5 Stripping Voltammetry 
All electrochemical measurements were carried out in a single-compartment 
Teflon cell with a three-electrode configuration system: a diamond working electrode, 
Ag/AgCl reference electrode (3.0 M KCl), and a Pt-wire counter electrode. For all 
electrochemical experiments, a small area (0.07 cm2) of the diamond surface was 
exposed to the solution through a Viton O-ring. The top contact with the diamond 
sample surface was made through an Au-plated probe. The bacteria-modified diamond 
electrode was immersed in the Pb2+ working solution for a period of 6mins before the 
stripping voltammetry was started. The cathodic stripping voltammetry was performed 
with the following parameters: deposition potential 1.65 V, deposition time 60 secs, 
scan rate 25 mV s-1. The Pb2+ working solution was prepared in a 0.1 M HNO3 
solution. The limit of detection was determined by stepwise replacement of the Pb2+ 
working solution with pure HNO3 solution, with the electrochemical measurement 
being recorded after each dilution step until the stripping peak decreases to van  




5.3 Results and Discussion 
5.3.1 Adsorption of Acidithiobacillus ferrooxidans 
 
Figure 5.1 Optical micrograph of the diamond electrode after immersing in bacteria 
suspension for 6 hours. (Scale bar = 100 µm) 
 
Figure 5.1 shows the optical micrograph of diamond electrode after immersing 
in the iron-free bacteria suspension for 6 hours. It can be seen that the micron-sized 
Acidithiobacillus ferrooxidans has developed a compact biofilm on top of the 
diamond electrode. According to ZoBell’s model of bacterial adhesion, the 
immobilization process can be divided into 2 stagesan initial stage of reversible 
adhesion followed by a time-independent irreversible stage.9,10. Adhesion of bacteria 
onto the substrate is mainly attributed to the production of extracellular 
polysaccharides (EPS) which overcome the electrostatic barrier for cell adhesion. In 
another study by Gehrke et. al., the authors discovered that the EPS is deficient in the 
iron-rich suspension11. Hence, iron-free bacteria suspension was used in this study for 
the adsorption process in order to induce large quantities of EPS for cell attachment. 
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Furthermore, the presence of iron in the suspension might introduce interference to the 
electrochemical measurement.  
 
5.3.2 Linear Range and Detection Limit 
Cathodic stripping voltammetry is used in this work for the Pb2+ ion detection. 
The Pb2+ ions are first oxidized and deposited onto the electrode surface as PbO2. 
During the cathodic scan, it is reduced back to Pb2+ ions in solution. It can be 
represented by the following chemical equation: 
2H2O + Pb2+  ↔ PbO2 + 4H+ + 2e- 
Figure 5.2 shows the linear sweep voltammograms obtained from the bacteria-
modified diamond electrode in a series of Pb2+ concentration working solutions after 
an initial contact period and deposition period. It can be clearly seen that the 
voltammetry plots exhibit a well-defined stripping peak at ~1.21 V. This stripping 
peak corresponds to the reduction of surface-bound lead oxides back to lead ions. A 
linear dependence of the stripping current as a function of Pb2+ concentration can be 
established in the range of 10 µM to 100 µM for both the bacteria-modified diamond 
electrode and the bare diamond electrode (Figure 5.3). At higher Pb2+ concentration 
(>200 µM), the relationship with stripping current becomes non-linear because not all 
the electrodeposited lead oxides can be reduced back within the stripping region12. It 
is also interesting to note that the bacteria-modified diamond electrode exhibits higher 
sensitivity (37.5 nA µM-1) towards Pb2+ compared to the bare diamond electrode (22.3 
nA µM-1). The detection limit for bacteria-modified diamond electrode is found to be 
10µM, 2 times better than the detection limit for the bare diamond electrode (20 µM). 
An explanation for the enhancement in detection limit and sensitivity is the ability of 
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Acidithiobacillus ferrooxidans to fix metal ions, resulting in an increase of metal ions 
around the bacteria cells. This will provide the preconcentration effect which will 


















Figure 5.2. Effect of lead concentration on cathodic stripping voltammograms in 0.1 
M HNO3 containing Pb2+ of (a) 100 µM, (b) 50 µM, (c) 40 µM, (d) 30 µM, (e) 20 
µM, (f) 10 µM.  




















Figure 5.3 Calibration plot for stripping current vs. different lead concentrations for 
(a) a bacteria-modified diamond electrode and (b) a diamond electrode.  
1 µm 
E / V ( g/ g l) 
37.538 nA µM-1 
Pb2+ Concentration (µM) 
22.309 nA µM-1 
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5.3.3 Interference with Copper Ions 
The effect of possible interference from other metal ions towards Pb2+ 
detection was also investigated on the bacteria-modified diamond electrode. Linear 
sweep voltammograms in Figure 5.4 show the effect of different copper 
concentrations (ranging from 200 µM to 25 µM) on Pb2+ (constant concentration at 
100 µM) stripping peaks. There are two stripping peaks which can be assigned to the 
reduction of lead oxides (~ 1.21 V) and copper oxides (~ -0.3 V). The linear sweep 
voltammograms in Figure 5.5 show the effect of copper (constant concentration at 500 
µM) on different concentrations of Pb2+ (ranging from 80 µM to 30 µM). It should be 
noted that the linear relationship of Pb2+ stripping currents is not affected by the 
presence of copper ions. No suppression of the lead stripping peak is observed though 
the concentration of copper is found to be 15 times higher than the Pb2+ concentration. 
It is reported for glassy carbon electrodes that the presence of 10-times excess of 
copper ions will completely suppress the lead stripping peak13. The role of bacteria in 
eliminating intermetallic species problems remains unknown here, and one of the 
possible explanations for this phenomenon is the catalytic effect of copper towards 
proton reduction. Hydrogen evolution is expected to occur on the deposited copper 
particles at -0.4 V14. In this work, an acidic working solution was used and there will 
be enhancement of proton discharge during hydrogen evolution on deposited copper 
particles, and this may have rendered the copper particle surface less accessible for 






































Figure 5.4 Effect of different Cu2+ concentrations on the (a) Cu2+ and (b) Pb2+ 
stripping peaks recorded in constant concentration of Pb2+ working solutions. 
Different Cu2+ concentrations (µM) (i) 200, (ii) 150, (iii) 100, (iv) 50, (v) 25. 
 
E / V (Ag/AgCl) 








































Figure 5.5 Effect of constant Cu2+ concentration on the (a) Cu2+ and (b) Pb2+ stripping 
peaks recorded in different concentrations of Pb2+ working solutions. Different Pb2+ 
concentrations (µM) (i) 80, (ii) 60, (iii) 50, (iv) 40, (v) 30. 
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This work demonstrates that the adsorption of bacteria cells, namely 
Acidthiobacillus ferrooxidans, onto diamond electrodes can enhance the performance 
of the latter in stripping voltammetry. In lead ion detection, the bacteria-modified 
diamond electrode exhibits a lower detection limit (10 µM) and a higher sensitivity 
compared to a bare diamond electrode. Under similar experimental parameters, this 
detection limit (10 µM) is comparable to the reported detection limit (3 µM) of a 
diamond electrode enhanced by ultrasonically-assisted stripping voltammetry15. The 
capacity of Acidthiobacillus ferrooxidans to fix heavy-metal ions on the membrane 
enables it to act as the preconcentration agent to increase the local concentration of 
heavy-metal ions around the electrode. The bacteria-modified diamond electrode is 
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Chapter 6. Electrochemical Study of Epitaxial Graphene  
 
Two types of graphene samples were electrochemically studied, namely an as-
synthesized graphene sample generated by the segregation of carbon on silicon 
carbide (henceforth called epitaxial graphene) and a mildly oxidized epitaxial 
graphene. The electrochemical response was evaluated using Fe(CN)63-/4-, 
ferrocenecarboxylic acid, Ru(NH3)62+/3+ and IrCl62-/3- and the comparison was made 
based on the apparent heterogeneous electron-transfer rate constant, charge-transfer 
resistance and activation enthalpy. Both graphene samples demonstrated extremely 
low background current which is an excellent property for designing a biosensor. The 
introduction of higher carbon-oxygen functionalities on mildly-oxidized graphene 
exhibits lower electron transfer with higher activation enthalpy as compared to the as-
synthesized graphene. However, mildly-oxidized graphene shows excellent properties 
in resisting biofouling by β-nicotinamide adenine dinucleotide (NADH) and achieves 
a detection limit of 10 nM. The electrochemical data presented here can serve as a 









 Graphene consists of sp2-bonded carbon atoms arranged in a dense honeycomb 
crystal structure. It possesses semimetallic behavior with a small overlap between the 
valence and the conduction band, known as a zero-gap material1. The unique quantum 
properties of graphene such as the quantum Hall effect, massless Dirac quasiparticles2 
and ballistic transport of electrons, have attracted intense attention from both the 
experimental and theoretical scientific communities in recent years3. The high carrier 
mobilities3 of 15000 cm2/V, ballistic transport, and two-dimensional (2D) nature of 
graphene make it a promising candidate for various applications in microelectronic 
devices, such as batteries4, field effect transistors5, ultrasensitive sensors6 and 
electromechanical resonators7. Though there is still a considerable amount of on-going 
research on the electronic properties and applications of graphene, there are few  
reports on the electrochemical studies of graphene.  
In this work an investigation was carried out on the electrochemical properties 
of an epitaxial graphene film synthesized by the thermal desorption of silicon on SiC. 
The as-synthesized epitaxial graphene was further electrochemically oxidized in mild 
acidic conditions in order to increase the carbon-oxygen functionalities on the 
graphene surface. four redox systems, namely Fe(CN)63-/4-, ferrocenecarboxylic acid, 
Ru(NH3)62+/3+ and IrCl62-/3- were used to assess the electrochemical behavior of two 
graphene samples. Finally, β-nicotinamide adenine dinucleotide (NADH) was 
selected as the biomolecule with which to evaluate the biosensing properties of the 
graphene samples. The determination of NADH is vital because NADH and its 
oxidized form (NAD+) are the coenzymes for a large number of dehydrogenase 
enzymes and components of biomarker systems8,9,10. However, the oxidation of 
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NADH usually encounters a low sensitivity problem due to its high overpotential 



















6.2 Experimental Section 
6.2.1 Chemicals 
All the chemicals used in this experiment were purchased from Sigma Aldrich 
unless otherwise stated and were used as received. The NADH solution was prepared 
and used freshly. All the solutions in this work were prepared in deionized water.  
 
6.2.2 Graphene Preparation 
Epitaxial graphene was fabricated on the silicon-terminated (0001) face of 
high purity 6H-SiC by thermal desorption of silicon at high temperature14. 
 
6.2.3 Electrode Preparation and Pretreatment 
Electrical connection to the graphene was made by contacting copper wire to 
the graphene surface and mounting with silver paste. The electrical connection, 
backside and edge of the graphene sample were insulated with nail varnish. The as-
synthesized graphene underwent mild electrochemical oxidation at 2 V in 0.5 M 
H2SO4 for 60 seconds. Hereafter, we denote the as-synthesized graphene as the 






6.2.4 Electrochemical Measurement 
All electrochemical experiments in this work were accomplished by an 
Autolab/PGSTAT30, Eco Chemie B.V. with a platinum wire and a saturated Ag/AgCl 
electrode as the counter and reference electrodes, respectively. Cyclic voltammetry 
was performed at room temperature with different scan rates (step potential of 5 mV) 
and the measurement was repeated 3 times to obtain reproducible signals. In every 
case, the last cycle was recorded. The cyclic voltammetry measurements at different 
temperatures were performed with a cold or hot plate. The electrochemical cell was 
encapsulated in styrofoam and the temperature inside the cell was controlled within 
±0.2°C during the measurement. The amperometric measurement of NADH was done 
by collecting the current response with time at a constant potential of 0.75 V. A 
magnetic stirrer (100 rpm) was used to provide convective transport during the 
amperometric measurement. Electrochemical impedance spectroscopy (EIS) was 
carried out with an Autolab Frequency Response Analyzer (FRA). The impedance 
data were collected from 500 kHz to 0.01 Hz at an a.c. amplitude of 10 mV and 
performed at open-circuit potential (OCP). 1 M KCl was used as the working 
electrolyte for redox species throughout the electrochemical measurements and 0.1 M 







6.3 Results & Discussions 






















Figure 6.1 Electrochemical window of (i) boron-doped diamond, (ii) graphene, (iii) 
oxidized graphene in 1M KCl at 0.1mV s-1.  
 
Figure 6.1 shows the representative background cyclic voltammograms for 
graphene and oxidized graphene electrodes in pure electrolyte 1 M KCl at 100 mV s-1. 
For the sake of comparison, the reported currents have been normalized to the 
exposed surface area. The background cyclic voltammetry is very useful to evaluate 
the graphene electrode surface as the electrochemical response is highly sensitive to 
the physicochemical properties of the electrode. The graphene electrode possesses a 
working potential window of 1.7 V with a low and featureless background current in 
the region between -0.35 V and 1.35 V. There is no evidence for any surface redox 
processes occuring on the graphene surface between -0.35 V to 0.9 V, indicating that 
graphene is ideally polarizable in this potential region. On the other hand, oxidized 
graphene is observed to a have narrower working potential window, i.e. 1.35 V, 
although it also exhibits a low background current. Both graphene samples show an 
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anodic peak on the forward sweep at 1.1 V which can be attributed to the oxidation of 
sp2 carbon and electrochemically-active carbon-oxygen functionalities. It can be seen 
that oxidized graphene show as higher anodic current at 1.1 V because the oxidation 
of the graphene surface has increased the carbon-oxygen functionalities.  Both 
graphene samples also show a similarity in the onset potential for hydrogen evolution 
but the oxidized graphene exhibits a lower onset potential for chlorine evolution. As a 
comparison, a wide electrochemical window material, i.e. a boron-doped diamond 
electrode, has been inserted into the graph.  






























Figure 6.2 Capacitive background current of (i) boron-doped diamond, (ii) graphene, 
(iii) oxidized graphene in 1M KCl at 0.1 mV s-1.  
 
In order to have a clear view of the capacitive background current, three 
voltammograms (boron-doped diamond, graphene and oxidized graphene) are 
displayed together in Figure 6.2. Interestingly, both graphene samples exhibit a low 







background current for graphene (0.85 µA cm-2) is about 3.5 times lower than that of 
the boron-doped diamond (3.08 µA cm-2), while the capacitive background current for 
oxidized graphene (1.46 µA cm-2) is about 2 times lower.  The increment of capacitive 
background current for oxidized graphene as compared to graphene can be attributed 
to the increase of carbon-oxygen functionalities on the surface which will lead to 
charging of the surface. Both graphene samples seem to have stable surface 
microstructures because no change can be observed after multiple cycle scans.  
Figure 6.3 displays the cyclic voltammograms for Fe(CN)63-/4-, 
ferrocenecarboxylic acid, Ru(NH3)62+/3+ and IrCl62-/3-, respectively, on both graphene 
samples. These redox systems were chosen to evaluate the sensitivity of each redox 
system to the surface microstructure and electronic properties of the two graphene 
samples15. The apparent electron-transfer rate constants k°app (calculated with 
Nicholson’s method16) for the redox systems are summarized in Table 6.1. Figure 6.4 
shows that the peak current for each redox system varies linearly with the square-root 
of the scan rate (r2>0.995), for both graphene and oxidized graphene samples. This 
indicates that the reactions for these 4 redox systems are controlled by the semi-
infinite linear diffusion of the redox species to the graphene and oxidized graphene 
surface. 
Fe(CN)63-/4- is chosen as a redox probe because the electrode reaction kinetics 
for this redox couple are strongly influenced by the fraction of exposed edge plane on 
sp2-bonded carbon electrodes and the surface cleanliness17. Figure 6.3(a) shows that 
the Fe(CN)63-/4- redox reaction is near-Nernstian (∆Ep = 73 mV) on a graphene 
surface. After undergoing mild oxidation on the graphene surface, the current 
response for oxidized graphene is reduced, accompanied by an increase in ∆Ep. 
Furthermore, graphene shows 2 times higher k°app for the Fe(CN)63-/4- redox system as 
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compared to the oxidized graphene. It is found that the higher surface termination of 
oxygen on oxidized graphene lowers the electron-transfer rate of Fe(CN)63-/4-. 
However, the redox reaction is still reversible on oxidized graphene. This can be 
explained by the fact that the oxidized graphene only undergoes very mild 
electrochemical oxidation; hence, a complete coverage of oxygen functionalities on 
the surface is not achieved. 
Redox species 
k°app (cm s-1) 
Graphene Graphene(O) 
Fe(CN)63-/4- 5.02 × 10-3 2.51 × 10-3 
Ferrocenecarboxylic acid 2.10 × 10-3 1.34 × 10-3 
Ru(NH3)62+/3+ 3.27 × 10-3 2.91 × 10-3 
IrCl62-/3- 8.38 × 10-3 8.38 × 10-3 
 
Table 6.1 Comparison of apparent electron-transfer rate constant, k°app for graphene 


























































































































Figure 6.3 Cyclic voltammograms of (i) graphene, (ii) oxidized graphene in 1 mM (a) 
Fe(CN)43-/4-, (b)ferrocenecarboxylic acid, (c) Ru(NH3)62+/3+, (d) IrCl62-/3-  redox 



























































































































Figure 6.4 Peak current vs. square root scan rate for (i) graphene and (ii )oxidized 
graphene in 1 mM (a) Fe(CN)43-/4-, (b )ferrocenecarboxylic acid, (c) Ru(NH3)62+/3+, (d) 
IrCl62-/3-  redox systems. 
 
Ferrocenecarboxylic acid is chosen as a redox probe because of its sensitivity 
to the surface functionalities. Figure 6.3(b) shows the cyclic voltammograms of 
graphene and oxidized graphene in ferrocenecarboxylic acid. The electrochemical 
behaviors of graphene and oxidized graphene in ferrocenecarboxylic acid are found to 
be very similar to those of the Fe(CN)63-/4- redox system. Both samples exhibit a near-
Nernstian redox reaction; current response for graphene is higher than for oxidized 
graphene; graphene has 2 times higher k°app for the ferrocenecarboxylic acid redox 
system compared to that for oxidized graphene. The lower value of k°app for oxidized 
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graphene can be explained by the partial coverage of oxygen functional groups on the 
oxidized graphene surface. 
Ru(NH3)62+/3+ is chosen as a redox probe as it only involves simple electron 
transfer on the electrode and the reaction rate is largely determined by the electronic 
properties of the electrode. The electrode kinetics for Ru(NH3)62+/3+ are relatively 
insensitive to the surface microstructure, surface functionalities or adsorbed layers. 
Figure 6.4(c) shows that Ru(NH3)62+/3+ exhibits a near-Nernstian redox reaction on 
both graphene and oxidized graphene with the same current response,  same ∆Ep and 
same k°app. This is an indication that the mild electrochemical oxidation does not 
change the electronic properties of graphene and it merely increases the oxygen 
functionalities on the surface.  
A strong analogy can be found for the electrode reaction for both graphene 
samples on Ru(NH3)62+/3+ and IrCl62-/3- redox systems. IrCl62-/3- also involves simple 
electron transfer and it is insensitive to the surface microstructure and surface 
functionalities. The most important factor affecting the rate of reaction is the 
electronic properties of the electrode. Similar to the electron transfer on 
Ru(NH3)62+/3+, both graphene samples showed same current response, ∆Ep and k°app 
















Figure 6.5 Nyquist plot of (i) graphene, (ii) oxidized graphene in 1 mM Fe(CN)63-/4- 
electrolyte. 
 
Figure 6.5 shows that the Nyquist plots of both graphene and oxidized 
graphene samples show similar behavior at open circuit potential (OCP): a small 
semicircle followed by a 45° straight line. This implies that the charge-transfer 
resistance (RCT) across both graphene samples is small and limited only by Warburg 
diffusion. The impedance data of both graphene samples are fitted into simple 
Randles equivalent-circuit models as depicted in Figure 6.6 and the RCT values are 
extracted from the model. Under similar experimental conditions, the RCT for oxidized 
graphene is almost 2 orders of magnitude higher than the RCT for graphene. This 
implies that the mild oxidation process on a graphene surface will impart a charge-




Figure 6.6 Randles equivalent-circuit model for graphene and oxidized graphene 
electrodes in 1 mM Fe(CN)63-/4- electrolyte. 
 
In order to elucidate the thermodynamic processes on the graphene samples, 
the role of temperature is taken into consideration, ranging from 20°C to 60°C in 
Fe(CN)63-/4- electrolyte. The thermodynamic data are summarized in Figure 6.7. Both 
the graphene samples exhibited similar behavior, k°app increased with respect to the 
temperature. For the same temperature, the graphene sample shows a higher k°app 
value compared to the oxidized graphene sample. The Arrhenius plot in Figure 6.7 
provides the relevant information for the extraction of thermodynamic data. Again, the 
plot shows that the current density for the graphene sample is always higher compared 
to that of the oxidized graphene sample for the same temperature. According to 
Equation 6.1, the apparent electrochemical activation enthalpy (∆H°≠) can be 
extracted from the slope of the Arrhenius plot. ∆H°≠ value of 0.729 kcal mol-1, in the 
case of the graphene sample and of 1.172 kcal mol-1 for the oxidized one, have been 
found, respectively. The results show that a larger current density was recorded where 




CPE = constant phase element 
RS = solution resistance 
RCT = charge transfer resistance 
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graphene surface increases the activation enthalpy of the sample, supporting the 
results of a lower k°app and a higher RCT on the oxidized graphene sample.  
-2.303 × log iO = K´ + [∆H°≠/(RT)] – (∆S°≠/R)                     (Equation 6.1)18 
iO = current          K´ = constant  ∆H°≠ = electrochemical activation 
enthalpy  
R = gas constant  T = temperature ∆S°≠
 
= electrochemical entropy 
 
In order to develop graphene as a biosensor for the continuous monitoring of 
biomolecules, electrochemical stability of the electrode towards biomolecules is very 
crucial. In this work, NADH is selected as the biomolecule for electrochemical 
stability testing. However, direct oxidation of NADH at bare electrodes occurs at high 
overpotential (~0.8 V) and is usually accompanied by the problem of electrode fouling 
from its oxidation product (NAD+). The electrochemical oxidation of NADH on bare 
glassy carbon electrodes was anodically shifted and deactivated rapidly due to the 
irreversible adsorption of NAD+19. In order to reduce both the fouling problem and the 
overpotential problem, an electrochemical pretreatment on a glassy carbon electrode 
was applied20,21. However, such pretreatment was overwhelmed by the increase in 
detection limit due to the increase in background current. A carbon-nanotube-
modified electrode was found to possess anti-fouling properties and a lower detection 
potential towards NADH oxidation22,23. However, it was difficult to obtain a low 
detection limit using this carbon-nanotube-modified electrode because of its high 
background current due to its large surface roughness.  
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Figure 6.7 Arrhenius plot for Fe(CN)63-/4- electrolyte at (i) graphene and (ii) oxidized 
graphene electrodes.  
 























































Figure 6.8 Cyclic voltammograms for 5 µM NADH in 0.1 M PBS at (a) graphene and 
(b) oxidized graphene electrodes at 100 mV s-1. The solid and dotted lines represent 
the 1st and 20th scans, respectively.  
 
Figure 6.8 shows the cyclic voltammograms for 5 µM NADH on graphene and 












the 1st cycle while the dotted lines represent the 20th cycle. On the 1st scan, both 
graphene and oxidized graphene electrodes exhibit a clear NADH oxidation peak at 
0.64 V. However, differences between the two electrodes appear after continuous 
scans for 20 cycles. We can observe a drastic drop in the NADH oxidation-peak 
current for the graphene electrode while the oxidation-peak current remains stable on 
the oxidized graphene electrode. The oxidation-peak currents for 20 repetitive cycle 
scans are summarized in Figure 6.9. It can be seen that the oxidation-peak currents for 
the graphene electrode decreases monotonically after each cycle, which is an 
indication of the surface fouling caused by the adsorption of NAD+. In contrast, stable 
oxidation-peak currents for the oxidized graphene electrode can be obtained under the 
same measurement conditions and the peak currents remain unchanged after 20 scan 
cycles. Hence, we conclude that the mild electrochemical oxidation of a graphene 
surface increases its resistance towards NAD+ surface fouling.  
The detection limit of NADH on oxidized graphene was determined using 
amperometry A constant voltage of 0.75 V was applied for complete oxidation of 
NADH as the oxidation of NADH at graphene occurs at 0.64 V. Figure 6.10 
summarizes the calibration curve for NADH oxidation on an oxidized graphene 
electrode. The current response increases with increasing NADH concentration and 
the linearity range is from 10 nM to 5 µM with sensitivity of 7.56 nA cm-2 nM-1. The 
detection limit of oxidized graphene for NADH is found to be 10 nM (S/N=3) as 
shown in Figure 6.11. This result indicates that the oxidized graphene is a useful 
electrode material for analytical detection of NADH, making it an attractive platform 
for an enzyme-catalyzed biosensor which involves NADH as a cofactor. The 
biofouling resistance may be due to the presence of oxygen groups which prevent pi-pi 
stacking of the biomolecules. 
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Figure 6.9. Summary of NADH oxidation-peak currents for (i) graphene and (ii) 
oxidized graphene electrodes obtained from 20 repetitive cyclic voltammetry scans.  
 


























Figure 6.10. Calibration curve of NADH at an oxidized graphene electrode. The 
concentration range is from 10 nM to 5 µM. The oxidation currents were derived from 
the amperometric experiment with a constant voltage of 0.75 V.  
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Figure 6.11 Amperometry plots of oxidized graphene electrode towards addition of 













6.4 Conclusions  
The electrochemical properties of graphene materials were investigated before 
and after mild electrochemical oxidation. Graphene materials show extremely low 
background currents which are slightly increased after the oxidation process. 
Nevertheless, this low background current behavior of graphene materials renders 
them superb materials for analytical measurement. The electrochemical activities of 
graphene were tested with 4 different redox systems. It is found that the electron 
transfer of Fe(CN)63-/4- and ferrocenecarboxylic acid redox systems on graphene 
material is reduced after the graphene oxidation, as these two redox species are 
sensitive to the presence of surface oxides. However, the electrochemical oxidation on 
graphene material does not alter its electrochemical activities for Ru(NH3)62+/3+ and 
IrCl62-/3 redox systems. For the Fe(CN)63-/4- redox system, graphene is found to 
possess a higher charge-transfer resistance and a higher activation enthalpy after mild 
electrochemical oxidation. Although the oxidation process on graphene decreases its 
electrochemical activities towards certain redox systems, it shows excellent properties 
in resisting biofouling problems created by the oxidation of NADH, and a low 
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Chapter 7. Conclusions  
 The cell adhesion characteristics on diamond surfaces with different 
topographies and surface chemistries have been quantitatively analyzed by using 
biochemical assays and atomic force microscopy. It was found that UV irradiation of a 
diamond surface in air is effective to oxidize the diamond surface, and such 
oxygenated surfaces are hydrophilic and provide a better platform for initial cell 
adhesion. It was also found that the initial cell adhesion force correlates to the 
subsequent cell growth. A photochemical process was used to couple carboxylic 
groups to the diamond surface, providing the equivalent biocompatible properties to 
an oxidized diamond surface. It was also verified that surface topography will affect 
cell adhesion and cell growth, as ultrananocrystalline diamond is proven to have a 
higher initial cell adhesion force and a higher cell growth rate. Surface carboxylic acid 
groups on diamond are amenable to further functionalization with protein to support 
neuronal cell growth. They also can be modified to form a surface concentration 
gradient and subsequently used to support cell gradient formation. A cell gradient on a 
diamond surface opens up the possibility of diamond to be used in combinatorial 
chemistry studies.  
 A whole-cell biosensor was successfully constructed on a diamond platform by 
using two different biological entities, namely Chlorella vulgaris (green algae) and 
Acidithiobacillus ferrooxidans. For the green algae biosensor, p-nitrophenol was used 
as the substrate for alkaline phosphatase activity, the product of which is notorious for 
biofouling. The application of diamond as a signal transduction platform for algae 
cells provided long-term stability for the biosensor, and a low detection limit (0.1 ppb) 
was achieved for cadmium and zinc ions. On the other hand, bacteria-modified 
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diamond provided enhancement in the stripping voltammetry for lead ions. The 
capacity of Acidthiobacillus ferrooxidans to fix heavy-metal ions on its membrane 
enabled it to act as the preconcentration agent to increase the local concentration of 
heavy-metal ions around the diamond electrode. Thus, a lower detection limit (10 µM) 
and a higher sensitivity were achieved on bacteria-modified diamond electrodes.  
 The electrochemical and kinetic properties of graphene materials were 
investigated before and after mild electrochemical oxidation. Both graphene materials 
showed extremely low background currents which were slightly increased after the 
oxidation process. For certain redox systems, the surface oxide on mild-oxidized 
graphene shows a higher charge-transfer resistance and a higher activation enthalpy 
compared to as-synthesized graphene. Nevertheless, the surface oxide provides 
resistance to NADH biofouling which led to a low detection limit (10 nM) for NADH 
on mild-oxidized graphene electrodes. This opens up the possibility of graphene to be 
used as an electrochemical biosensor.   
  
